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Earth’s many microenvironments change over time, often
creating conditions less hospitable to current life-forms than
conditions that existed prior to the change. Initially, life-
forms adjusted to these changes through the mechanisms
now collectively called evolution. Importantly, evolution im-
proves a life-form’s functionality (i.e., so-called biological
fitness as measured in terms of reproductive success) in the
environment across generations. It does nothing directly to
enhance an organism’s fit to the environment within the or-
ganism’s life span. However, animals did evolve a mecha-
nism to improve their fit to the environment within each an-
imal’s life span. Specifically, animals have evolved the
potential to change their behavior as a function of experi-
enced relationships among events, with events here referring
to both events under the control of the animal (i.e., re-

sponses) and events not under the direct control of the ani-
mal (i.e., stimuli). Changing one’s behavior as a function of
prior experience is what we mean by conditioning and learn-
ing (used here synonymously). The observed behavioral
changes frequently are seemingly preparatory for an im-
pending, often biologically significant event that is contin-
gent upon immediately preceding stimuli, and sometimes
the behavioral changes serve to modify the impending event
in an adaptive way.

In principle, there are many possible sets of rules by which
an organism might modify its behavior to increase its biolog-
ical fitness (preparing for and modifying impending events)
as a result of prior exposure to specific event contingencies.
However, organisms use only a few of these sets of rules;
these constitute what we call biological intelligence. Here
we summarize, at the psychological level, the basic princi-
ples of elementary biological intelligence: conditioning and
elementary learning. At the level of the basic learning de-
scribed here, research has identified a set of rules (laws) that
appear to apply quite broadly across many species, including
humans. Moreover, within subjects these laws appear to
apply, with only adjustments of parameters being required,
across motivational systems and tasks (e.g., Domjan, 1983;
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Logue, 1979). Obviously, as we look at more complex be-
havior, species and task differences have greater influence,
which seemingly reflects the differing parameters previously
mentioned interacting with one another. For example, hu-
mans as well as dogs readily exhibit conditioned salivation or
conditioned fear, whereas social interactions are far more dif-
ficult to describe through a general set of laws.

Learning is the intervening process that mediates between
an environmental experience and a change in the behavior of
the organism. More precisely, learning is ordinarily defined
as a relatively permanent change in a subject’s response
potential, resulting from experience, that is specific to the
presence of stimuli similar to those from that experience, and
cannot be attributed entirely to changes in receptors or effec-
tors. Notably, the term response potential allows for learning
that is not necessarily immediately expressed in behavior
(i.e., latent learning), and the requirement that a stimulus
from the experience be present speaks to learning being stim-
ulus specific as opposed to a global change in behavior.
Presumably, more complex changes in behavior are built
from a constellation of such elementary learned relationships
(hereafter called associations). See chapters in this volume
by Capaldi; Nairne; McNamara and Holbrook; Roediger and
Marsh; and Johnson for various descriptions of how complex
cognition might arise from basic learning, just as a house can
be built from bricks.

Interest in the analysis of basic learning began a century
ago with its roots in several different controversies. Among
these was the schism between empiricism, represented by
the British empiricist philosophers, Hume and J. S. Mill, and
rationalism, represented by Descartes and Kant. The empiri-
cists assumed that knowledge about the world was acquired
through interaction with events in the world, whereas ratio-
nalists argued that knowledge was inborn (at least in humans)
and experience merely helped us organize and express that
knowledge. Studies of learning were performed in part to
determine the degree to which beliefs about the world could
be modified by experience. Surely demonstrations of behav-
ioral plasticity as a function of experience were overtly more
compatible with the empiricist view, but the rationalist posi-
tion never denied that experience influenced knowledge and
the behavior. It simply held that knowledge arose within the
organism, rather than directly from the experiencing of
events. Today, this controversy (reflected in more modern
terms as the nature vs. nurture debate) has faded due to the
realization that experience provides the content of knowledge
about the world, but extracting relationships between events
from experience requires a nervous system that is pre-
disposed to extract these relationships. Predispositions to
identify relationships between events, although strongly

modulated during development by experience, are surely in-
fluenced by genetic composition. Hence, acquired knowl-
edge, as revealed through a change in behavior, undoubtedly
reflects an interaction of genes (rationalism-nature) and expe-
rience (empiricism-nurture).

The second controversy that motivated studies of learning
was a desire to understand whether acquired thought and be-
havior could better be characterized by mechanism, which
left the organism as a vessel in which simple laws of learning
operated, or by mentalism, which often attributed to the or-
ganism some sort of conscious control of its thought and
behavior. The experimental study of learning that began in
the early twentieth century was partly in reaction to the men-
talism implicit in the introspective approach to psychology
that prevailed at that time (Watson, 1913). Mechanism was
widely accepted as providing a compelling account of simple
reflexes. The question was whether it also sufficed to account
for behaviors that were more complex and seemingly voli-
tional. Mechanism has been attacked for ignoring the
(arguably obvious) active role of the organism in determining
its behavior, whereas mentalism has been attacked for pass-
ing the problem of explaining behavior to a so-called ho-
munculus. Mentalism starts out with a strong advantage in
this dispute because human society, culture, and religion are
all predicated on people’s being free agents who are able to
determine and control their behavior. In contrast, most theo-
retical accounts of learning (see Tolman, e.g., 1932, as an
exception) are mechanistic and try to account for acquired
behavior uniquely in terms of (a) past experience, which
is encoded in neural representations; (b) present stimu-
lation; and (c) genetic predispositions (today at least), no-
tably excluding any role for free will. To some degree, the
mechanism-mentalism controversy has been confounded
with levels of analysis, with mechanistic accounts of learning
tending to be more molecular. Obviously, different levels of
analysis may be complementary rather than contradictory.

The third controversy that stimulated interest in learning
was the relationship of humans to other species. Human
culture and religion has traditionally treated humans as supe-
rior to animals on many dimensions. At the end of the nine-
teenth century, however, acceptance of Darwin’s theory of
evolution by natural selection challenged the uniqueness of
humans. Defenders of tradition looked at learning capacity as
a demonstration of the superiority of humans over animals,
whereas Darwinians looked to basic learning to demonstrate
continuity across species. A century of research has taught
us that, although species do differ appreciably in behavioral
plasticity, with parametric adjustment a common set of
laws of learning appears to apply across at least all warm-
blooded animals (Domjan, 1983). Moreover, these parametric
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adjustments do not always reflect a greater learning capacity
in humans than in other species. As a result of evolution in
concert with species-specific experience during maturation,
each species is adept at dealing with the tasks that the
environment commonly presents to that particular species in
its ecological niche. For example, Clark’s nutcrackers (birds
that cache food) are able to remember where they have stored
thousands of edible items (Kamil & Clements, 1990), a per-
formance that humans would be hard-pressed to match.

The fourth factor that stimulated an interest in the study
of basic learning was a practical one. Researchers such as
Thorndike (1949) and Guthrie (1938) were particularly con-
cerned with identifying principles that might be applied in
our schools and toward other needs of our society. Surely this
goal has been fulfilled at least in part, as can be seen for
example in contemporary use of effective procedures for
behavior modification.

Obviously, the human-versus-animal question (third fac-
tor listed) required that nonhuman animals be studied, but the
other questions in principle did not. However, animal sub-
jects were widely favored for two reasons. First, the behavior
of nonhuman subjects was assumed by some researchers to
be governed by the same basic laws that apply to human
behavior, but in a simpler form which made them more read-
ily observable. Although many researchers today accept the
assumption of evolutionary continuity, research has demon-
strated that the behavior of nonhumans is sometimes far from
simple. The second reason for studying learning in animals
has fared better. When seeking general laws of learning that
obtain across individuals, individual differences can be an
undesirable source of noise in one’s data. Animals permit
better control of irrelevant differences in genes and prior
experience, thereby reducing individual differences, than is
ethically or practically possible with humans.

The study of learning in animals within simple Pavlovian
situations (stimulus-stimulus learning) had many parallels
with the study of simple associative learning in humans that
was prevalent from the 1880s to the 1960s. The so-called
cognitive revolution that began in the 1960s largely ended
such research with humans and caused the study of basic
learning in animals to be viewed by some as irrelevant to our
understanding of human learning. The cognitive revolution
was driven largely by (a) a shift from trying to illuminate be-
havior with the assistance of hypothetical mental processes,
to trying to understand mental processes through the study of
behavior, and (b) the view that the simple tasks that were
being studied until that time told us little about learning and
memory in the real world (i.e., lacked ecological validity).
However, many of today’s cognitive psychologists often
return to the constructs that were initially developed before

the advent of the field now called cognitive psychology (e.g.,
McClelland, 1988). Of course, issues of ecological validity
are not to be dismissed lightly. The real question is whether
complex behavior in natural situations can better be under-
stood by reducing the behavior into components that obey the
laws of basic learning, or whether a more molar approach
will be more successful. Science would probably best be
served by our pursuing both approaches. Clearly, the ap-
proach of this chapter is reductionist. Representative of the
potential successes that might be achieved through applica-
tion of the laws of basic learning, originally identified in the
confines of the sterile laboratory, are a number of quasi-
naturalistic studies of seemingly functional behaviors. Some
examples are provided by Domjan’s studies of how Pavlov-
ian conditioning improves the reproductive success of
Japanese quail (reviewed in Domjan & Hollis, 1988),
Kamil’s studies of how the laws of learning facilitate the
feeding systems of different species of birds (reviewed in
Kamil, 1983), and Timberlake’s studies of how different
components of rats’ behavior, each governed by general laws
of learning, are organized to yield functional feeding behav-
ior in quasi-naturalistic settings (reviewed in Timberlake &
Lucas, 1989).

Although this chapter focuses on the content of learning
and the conditions that favor its occurrence and expression
rather than the function of learning, it is important to empha-
size that the capacity for learning evolved because it enhances
an animal’s biological fitness (reviewed in Shettleworth,
1998). The vast majority of instances of learning are clearly
functional. However, there are many documented cases in
which specific instances of learned behavior are detrimental
to the well-being of an organism (e.g., Breland & Breland,
1961; Gwinn, 1949). Typically, these instances arise in situa-
tions with contingencies contrary to those prevailing in the
animal’s natural habitat or inconsistent with its past expe-
rience (see this chapter’s section entitled “Predispositions:
Genetic and Experiential”). An increased understanding of
when learning will result in dysfunctional behavior is cur-
rently contributing to contemporary efforts to design im-
proved forms of behavior therapy.

This chapter selectively reviews research on both Pavlovian
(i.e., stimulus-stimulus) and instrumental (response-stimulus)
learning. In many respects, an organism’s response may be
functionally similar to a discrete stimulus, as demonstrated
by the fact that most phenomena identified in Pavlovian condi-
tioning have instrumental counterparts. However, one impor-
tant difference is that Pavlovian research has generally studied
qualitative relationships (e.g., whether the frequency or mag-
nitude of an acquired response increases or decreases with a
specific treatment). In contrast, much instrumental research
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has sought quantitative relations between the frequency of a re-
sponse and its (prior) environmental consequences. Readers
interested in the preparations that have traditionally been used
to study acquired behavior should consult Hearst’s (1988) ex-
cellent review, which in many ways complements this chapter.

EMPIRICAL LAWS OF PAVLOVIAN RESPONDING

Given appropriate experience, a stimulus will come to elicit
behavior that is not characteristic of responding to that stim-
ulus, but is characteristic for a second stimulus (hereafter
called an outcome). For example, in Pavlov’s (1927) classic
studies, dogs salivated at the sound of a bell if previously the
bell had been rung before food was presented. That is, the
bell acquired stimulus control over the dogs’ salivation.
Here we summarize the relationships between stimuli that
promote such acquired responding, although we begin with
changes in behavior that occur to a single stimulus. 

Single-Stimulus Phenomena

The simplest type of learning is that which results from expo-
sure to a single stimulus. For example, if you hear a loud
noise, you are apt to startle. But if that noise is presented
repeatedly, the startle reaction will gradually decrease, a
process called habituation. Occasionally, responding may in-
crease with repeated presentations of a stimulus, a phenome-
non called sensitization. Habituation is far more common
than sensitization, with sensitization ordinarily being ob-
served only with very intense stimuli. Habituation is regarded
as a primitive form of learning, and is sometimes studied ex-
plicitly because researchers thought that its simplicity might
allow the essence of the learning process to be observed more
readily than in situations involving multiple stimuli. Consis-
tent with this view, habituation exhibits many of the same
characteristics of learning seen with multiple stimuli
(Thompson & Spencer, 1966). These include (a) decelerating
acquisition per trial over increasing numbers of trials; (b) a
so-called spontaneous loss of habituation over increasing re-
tention intervals; (c) more rapid reacquisition of habituation
over repeated series of habituation trials; (d) slower habitua-
tion over trials if the trials are spaced, but slower spontaneous
loss of habituation thereafter (rate sensitivity); (e) further ha-
bituation trials after behavioral change over trials has ceased
retard spontaneous loss from habituation (i.e., overtraining
results in some sort of initially latent learning); (f) general-
ization to other stimuli in direct relation to the similarity of
the habituated stimulus to the test stimulus; and (g) temporary

masking by an intense stimulus (i.e., strong responding to a
habituated stimulus is observed if the stimulus is presented
immediately following presentation of an intense novel stim-
ulus). As we shall see, these phenomena are shared with
learning involving multiple events.

Traditionally, sensitization was viewed as simply the op-
posite of habituation. But as noted by Groves and Thompson
(1970), habituation is highly stimulus-specific, whereas sen-
sitization is not. Stimulus specificity is not an all-or-none
matter; however, sensitization clearly generalizes more
broadly to relatively dissimilar stimuli than does habituation.
Because of this difference in stimulus specificity and be-
cause different neural pathways are apparently involved,
Groves and Thompson suggested that habituation and sensi-
tization are independent processes that summate for any test
stimulus. Habituation is commonly viewed as nonassocia-
tive. However, Wagner (1978) has suggested that long-term
habituation (that which survives long retention intervals) is
due to an association between the habituated stimulus and the
context in which habituation occurred (but see Marlin &
Miller, 1981).

Phenomena Involving Two Stimuli:
Single Cue–Single Outcome

Factors Influencing Acquired Stimulus Control 
of Behavior

Stimulus Salience and Attention. The rate at which stim-
ulus control by a conditioned stimulus (CS) is achieved
(in terms of number of trials) and the asymptote of control
attained are both positively related to the salience of both
the CS and the outcome (e.g., Kamin, 1965). Salience here
refers to a composite of stimulus intensity, size, contrast with
background, motion, and stimulus change, among other
factors. Salience is not only a function of the physical stimu-
lus, but also a function of the state of the subject (e.g., food is
more salient to a hungry than a sated person). Ordinarily, the
salience of a cue has greater influence on the rate at which
stimulus control of behavior develops (as a function of num-
ber of training trials), whereas the salience of the outcome
has greater influence on the ultimate level of stimulus control
that is reached over many trials. Clearly, the hybrid construct
of salience as used here has much in common with what is
commonly called attention, but we avoid that construct be-
cause of its additional implications. Stimulus salience is not
only important during training; conditioned responding is di-
rectly influenced by the salience of the test stimulus, a point
long ago noted by Hull (1952).
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Predispositions: Genetic and Experiential. The con-
struct of salience speaks to the ease with which a cue will
come to control behavior, but it does not take into account the
nature of the outcome. In fact, some stimuli more readily be-
come cues for a specific outcome than do other stimuli. For
example, Garcia and Koelling (1966) gave thirsty rats access
to flavored water that was accompanied by sound and light
stimuli whenever they drank. For half the animals, drinking
was immediately followed with foot shock, and for the other
half it was followed by an agent that induced gastric distress.
Although all subjects received the same audiovisual-plus-
flavor compound stimulus, the subjects that received the foot
shock later exhibited greater avoidance of the audiovisual
cues, whereas the subjects that received the gastric distress
exhibited greater avoidance of the flavor. These observations
cannot be explained in terms of the relative salience of the
cues. Although Garcia and Koelling interpreted this cue-
to-consequence effect in terms of genetic predispositions re-
flecting the importance of flavor cues with respect to gastric
consequences and audiovisual cues with respect to cutaneous
consequences, later research suggests that pretraining experi-
ence interacts with genetic factors in creating predispositions
that allow stimulus control to develop for some stimulus
dyads more readily than for others. For example, Dalrymple
and Galef (1981) found that rats forced to make a visual dis-
crimination for food were more apt to associate visual cues
with an internal malaise.

Spatiotemporal Contiguity (Similarity). Stimulus
control of acquired behavior is a strong direct function of the
proximity of a potential Pavlovian cue to an outcome in space
(Rescorla & Cunningham, 1979) and time (Pavlov, 1927).
Contiguity is so powerful that some researchers have sug-
gested that it is the only nontrivial determinant of stimulus
control (e.g., Estes, 1950; Guthrie, 1935). However, several
conditioning phenomena appear to violate the so-called law
of contiguity. One long-standing challenge arises from the
observation that simultaneous presentation of a cue and out-
come results in weaker conditioned responding to the cue
than when the cue slightly precedes the outcome. However,
this simultaneous conditioning deficit has now been recog-
nized as reflecting a failure to express information acquired
during simultaneous pairings rather than a failure to encode
the simultaneous relationship (i.e., most conditioned re-
sponses are anticipatory of an outcome, and are temporally
inappropriate for a cue that signals that the outcome is al-
ready present). For example, Matzel, Held, and Miller (1988)
demonstrated that simultaneous pairings do in fact result in
robust learning, but that this information is behaviorally

expressed only if an assessment procedure sensitive to simul-
taneous pairings is used.

A second challenge to the law of contiguity has been
based on the observation that conditioned taste aversions
yield stimulus control even when cues (flavors) and outcome
(internal malaise) are separated by hours (Garcia, Ervin, &
Koelling, 1966). However, even with conditioned taste aver-
sions, stimulus control (i.e., aversion to the flavor) decreases
as the interval between the flavor and internal malaise
increases. All that differs here from other conditioning prepa-
rations is the rate of decrease in stimulus control as the inter-
stimulus interval in training increases. Thus, conditioned
taste aversion is merely a parametric variation of the law of
contiguity, not a violation of it.

Another challenge to the law of contiguity that is not so
readily dismissed is based on the observation that the effect
of interstimulus interval is often inversely related to the aver-
age interval between outcomes (e.g., an increase in the
CS-US interval has less of a decremental effect on condi-
tioned responding if the intertrial interval is correspondingly
increased). That is, stimulus control appears to depend not so
much on the absolute interval between a cue and an outcome
(i.e., absolute temporal contiguity) as on the ratio of this in-
terval to that between outcomes (i.e., relative contiguity; e.g.,
Gibbon, Baldock, Locurto, Gold, & Terrace, 1977). A further
challenge to the law of contiguity is discussed in this chap-
ter’s section entitled “Mediation.”

According to the British empiricist philosophers, associa-
tions between elements were more readily formed when the
elements were similar (Berkeley, 1710/1946). More recently,
well-controlled experiments have confirmed that develop-
ment of stimulus control is facilitated if paired cues and out-
come are made more similar (e.g., Rescorla & Furrow, 1977).
The neural representations of paired stimuli seemingly in-
clude many attributes of the stimuli, including their temporal
and spatial relationships. This is evident in conditioned re-
sponding reflecting not only an expectation of a specific out-
come, but the outcome occurring at a specific time and place
(e.g., Saint Paul, 1982; Savastano & Miller, 1998). If tempo-
ral and spatial coordinates are viewed as stimulus attributes,
contiguity can be viewed as similarity on the temporal and
spatial dimensions, thereby subsuming spatiotemporal conti-
guity within a general conception of similarity. Thus, the law
of similarity appears able to encompass the law of contiguity.

Objective Contingency. When a cue is consistently
followed by an outcome and these pairings are punctuated by
intertrial intervals in which neither the cue nor the outcome
occurs, stimulus control of behavior ordinarily develops over
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trials. However, when cues or outcomes sometimes occur
by themselves during the training sessions, conditioned re-
sponding to the cue (reflecting the outcome) is often slower
to develop (measured in number of cue-outcome pairings)
and is asymptotically weaker (Rescorla, 1968). 

There are four possibilities for each trial in which a di-
chotomous cue or outcome might be presented, as shown in
Figure 13.1:

1. Cue–outcome.

2. Cue–no outcome.

3. No cue–outcome.

4. No cue–no outcome.

The frequencies of trials of type 1, 2, 3, and 4 are a, b, c,
and d, respectively. The objective contingency is usually de-
fined in terms of the difference in conditional probabilities of
the outcome in the presence (a/ [a + b]) and in the absence
(c / [c + d]) of the cue. If the conditional probability of the
outcome is greater in the presence rather than absence of
the cue, the contingency is positive; conversely, if the condi-
tional probability of the outcome is less in the presence than
absence of the cue, the contingency is negative. Alternatively
stated, contingency increases with the occurrence of a- and
d-type trials and decreases with b- and c-type trials. In terms
of stimulus control, excitatory responding is observed to in-
crease and behavior indicative of conditioned inhibition (see
this chapter’s later section on that topic) is seen to decrease
with increasing contingency, and vice versa with decreasing
contingency. Empirically, the four types of trials are seen to
have unequal influence on stimulus control, with Type 1 trials
having the greatest impact and Type 4 trials having the least
impact (e.g., Wasserman, Elek, Chatlosh, & Baker, 1993).
Note that although we previously described the effect of
spaced versus massed cue-outcome pairings as a qualifier of

contiguity, such trial spacing effects are readily subsumed
under objective contingency because long intertrial intervals
are the same as Type 4 trials, provided these intertrial inter-
vals occur in the training context.

Conditioned responding can be attenuated by presentations
of the cue alone before the cue-outcome pairings, intermin-
gled with the pairings, or after the pairings. If they occur be-
fore the pairings, the attenuation is called the CS-preexposure
(also called latent inhibition) effect (Lubow & Moore, 1959);
if they occur during the pairings, they (in conjunction with the
pairings) are called partial reinforcement (Pavlov, 1927); and
if they occur after the pairings, the attenuation is called ex-
tinction (Pavlov, 1927). Notably, the operations that produce
the CS-preexposure effect and habituation (i.e., presentation
of a single stimulus) are identical; the difference is in how
behavior is subsequently assessed. Additionally, based on the
two phenomena being doubly dissociable, Hall (1991) has
argued that habituation and the CS-preexposure effect arise
from different underlying processes. That is, a change in con-
text between treatment and testing attenuates the CS-preexpo-
sure effect more than it does habituation, whereas increasing
retention interval attenuates habituation more than it does the
CS-preexposure effect.

Conditioned responding can also be attenuated by presen-
tations of the outcome alone before the cue-outcome pairings,
with the pairings, or after the pairings. If they occur before
the pairings, the attenuation is called the US-preexposure
effect (e.g., Randich & LoLordo, 1979); if they occur during
the pairings, it (in conjunction with the pairings) is called the
degraded contingency effect (in the narrow sense, as any
presentation of the cue or outcome alone degrades the objec-
tive contingency, Rescorla, 1968); and if they occur after the
pairings, it is an instance of retrospective revaluation (e.g.,
Denniston, Miller, & Matute, 1996). The retrospective reval-
uation effect has proven far more elusive than any of the other
five means of attenuating excitatory conditioned responding
through degraded contingency, but it occurs at least under
select conditions (Miller & Matute, 1996).

If compounded, these different types of contingency-
degrading treatments have a cumulative effect on condi-
tioned responding that is at least summative (Bonardi & Hall,
1996) and possibly greater than summative (Bennett, Wills,
Oakeshott, & Mackintosh, 2000). A prime example of such
a compound contingency-degrading treatment is so-called
learned irrelevance, in which cue and outcome presentations
truly random with respect to one another precede a series of
cue-outcome pairings (Baker & Mackintosh, 1977). This
pretraining treatment has a decremental effect on condi-
tioned responding greater than either CS preexposure or US
preexposure.

Figure 13.1 Two-by-two contingency table for dichotomous variables; a,
b, c, and d are the frequencies of trial types 1, 2, 3, and 4. See text for details.
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Objective contingency effects are not merely a function
of the frequency of different types of trials depicted in Fig-
ure 13.1. Two important factors that influence contingency
effects are (a) trial order and spacing, and (b) modulatory
stimuli. When contingency-degrading Type 2 and 3 trials are
administered phasically (rather than interspersed with cue-
outcome pairings), recency effects are pronounced. The trials
that occur closest to testing have a relatively greater impact
on responding; such recency effects fade with time (i.e.,
longer retention intervals, or at least as a function of the in-
tervening events that occur during longer retention intervals).
Additionally, if there are stimuli that are present during the
pairings but not the contingency-degrading treatments (or
vice versa), presentation of these stimuli immediately prior
to or during testing with the target cue causes conditioned
responding to better reflect the trials that occurred in the pres-
ence of the stimuli. These modulatory stimuli can be either
contextual stimuli (i.e., the static environmental cues present
during training: the so-called renewal effect, Bouton &
Bolles, 1979) or discrete stimuli (e.g., Brooks & Bouton,
1993). Such modulatory stimuli appear to have much in
common with so-called priming cues in cognitive research
(see chapter in this volume by McNamara and Holbrook;
Neely, 1977).

Modulatory effects can be obtained even when the cue-
outcome pairings are interspersed with the contingency de-
grading events. For example, if stimulus A always precedes
pairings of cue X and an outcome, and does not precede pre-
sentations of cue X alone, subjects will come to respond to
the cue if and only if it is preceded by stimulus A; this effect
is called positive occasion setting (Holland, 1983a). If stimu-
lus A only precedes the nonreinforced presentations of cue X,
subjects will come to respond to cue X only when it has not
been preceded by stimulus A; this effect is called negative
occasion setting. Surprisingly, behavioral modulation by
contexts appears to be acquired in far fewer trials than with
discrete stimuli, perhaps reflecting the important role of con-
textual modulation of behavior in each species’ ecological
niche.

Attenuation of stimulus control through contingency-
degrading events is often at least partially reversible without
further cue-outcome pairings. This is most evident in the case
of extinction, for which (so-called) spontaneous recovery
from extinction and external disinhibition (i.e., temporary re-
lease from extinction treatment as a result of presenting an un-
related intense stimulus immediately prior to the extinguished
stimulus) are examples of recovery of behavior indicative of
the cue-outcome pairings without the occurrence of further
pairings (e.g., Pavlov, 1927). Similarly, spontaneous recovery
from the CS-preexposure effect has been well documented

(e.g., Kraemer, Randall, & Carbary, 1991). These phenomena
suggest that the pairings of cue and outcome are encoded in-
dependently of the contingency-degrading events, but the be-
havioral expression of information regarding the pairings can
be suppressed by additional learning during the contingency-
degrading events.

Cue and Outcome Duration. Cue and outcome dura-
tions have great impact on stimulus control of behavior. The
effects are complex, but generally speaking, increased cue or
outcome duration reduces behavioral control (provided one
controls for any greater hedonic value of the outcome due to
increased duration). What makes these variables complex is
that different components of a stimulus can contribute differ-
entially to stimulus control. The onset, presence, and termi-
nation of a cue can each influence behavior through its own
relationship to the outcome; this tendency towards fragmen-
tation of behavioral control appears to increase with the
length of the duration of the cue (e.g., Romaniuk & Williams,
2000). Similarly, outcomes have components that can differ-
entially contribute to control by a stimulus. As an outcome
is prolonged, its later components are further removed in
time from the cue and presumably are less well-associated to
the cue.

Response Topology and Timing

The hallmark of conditioned responding is that the observed
response to the cue reflects the nature of the outcome. For
example, pigeons peck an illuminated key differently de-
pending on whether the key signals delivery of food or water,
and their manner of pecking is similar to that required to in-
gest the specific outcome (Jenkins & Moore, 1973). How-
ever, the nature of the signal also may qualitatively modulate
the conditioned response. For instance, Holland (1977) has
described how rats’ conditioned responses to a light and an
auditory cue differ, despite their having been paired with the
same outcome.

Conditioned responding not only indicates that the cue and
outcome have been paired, but also reflects the spatial and
temporal relationships that prevailed between the cue and out-
come during those pairings (giving rise to the mentalistic
view that subjects anticipate, so to speak, when and where the
outcome will occur). If a cue has been paired with a rewarding
outcome in a particular location, subjects are frequently ob-
served to approach the location at which the outcome had
been delivered (so-called goal tracking). For example, Burns
and Domjan (1996) observed that Japanese quail, as part of
their conditioned response to a cue for a potential mate, ori-
ented to the absolute location in which the mate would be
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introduced, independent of their immediate location in the
experimental apparatus. The temporal relationship between a
cue and outcome that existed in training is evidenced in two
ways. First, with asymptotic training, the conditioned re-
sponse ordinarily is emitted just prior to the time at which the
outcome would occur based on the prior pairings (Pavlov,
1927). Second, the nature of the response often changes with
different cue-outcome intervals. In some instances, when an
outcome (e.g., food) occurs at regular intervals, during the in-
tertrial interval subjects emit a sequence of behaviors with a
stereotypic temporal structure appropriate for that outcome in
the species’ ecological niche (e.g., Staddon & Simmelhag,
1970; Timberlake & Lucas, 1991).

Pavlovian conditioned responding often closely resembles
a diminished form of the response to the unconditioned out-
come (e.g., conditioned salivation with food as the outcome).
Such a response topology is called mimetic. However, condi-
tioned responding is occasionally diametrically opposed to
the unconditioned response (e.g., conditioned freezing with
pain as the outcome, or a conditioned increase in pain sensi-
tivity with delivery of morphine as the outcome; Siegel,
1989). Such a conditioned response topology is called com-
pensatory. We do not yet have a full understanding of when
one or the other type of responding will occur (but see this
chapter’s section entitled “What Is a Response?”).

Stimulus Generalization

No perceptual event is ever exactly repeated because of vari-
ation in both the environment and in the nervous system.
Thus, learning would be useless if organisms did not general-
ize from stimuli in training to stimuli that are perceptually
similar. Therefore, it is not surprising that conditioned re-
sponding is seen to decrease in an orderly fashion as the
physical difference between the training and test stimuli
increases. This reduction in responding is called stimulus
generalization decrement. Response magnitude or frequency
plotted as a function of training-to-test stimulus similarity
yields a symmetric curve that is called a generalization
gradient (e.g., Guttman & Kalish, 1956). Such gradients
resulting from simple cue-outcome pairings can be made
steeper by introducing trials with a second stimulus that is not
paired with the outcome. Such discrimination training not
only steepens the generalization gradient between the rein-
forced stimulus and nonreinforced stimulus, but often shifts
the stimulus value at which maximum responding is ob-
served from the reinforced cue in the direction away from the
value of the nonreinforced stimulus (the so-called peak shift;
e.g., Weiss & Schindler, 1981). With increasing retention in-
tervals between the end of training and a test trial, stimulus

generalization gradients tend to grow broader (e.g., Riccio,
Richardson, & Ebner, 1984)

Phenomena Involving More Than Two Stimuli:
Competition, Interference, Facilitation,
and Summation

When more than two stimuli are presented in close proximity
during training, one might expect that the representation of
each stimulus-outcome dyad would be treated independently
according to the laws described above. Surely these laws do
apply, but the situation becomes more complex because in-
teractions between stimuli also occur. That is, when stimuli
X, Y, and Z are trained together, behavioral control by X
based on X’s relationship to Y is often influenced by the pres-
ence of Z during training. Although these interactions (de-
scribed in the following sections) are often appreciable, they
are neither ubiquitous (i.e., they are more narrowly parameter
dependent) nor generally as robust as any of the phenomena
described under “Phenomena Involving Two Stimuli.”

Multiple Cues With a Common Outcome

Cues Trained Together and Tested Apart: Competition
and Facilitation. For the last 30 years, much attention has
been focused on cue competition between cues trained in com-
pound, particularly overshadowing and blocking. Overshad-
owing refers to the observed attenuation in conditioned re-
sponding to an initially novel cue (X) paired with an outcome
in the presence of an initially novel second cue (Y), relative to
responding to X given the same treatment in the absence of Y
(Pavlov, 1927). The degree that Y will overshadow X depends
on their relative saliences; the more salient Y is compared to
X, the greater the degree of overshadowing of X (Mackintosh,
1976). When two cues are equally salient, overshadowing is
sometimes observed, but is rarely a large effect. Blocking
refers to attenuated responding to a cue (X) that is paired with
an outcome in the presence of a second cue (Y) when Y was
previously paired with the same outcome in the absence of X,
relative to responding to X when Y had not been pretrained
(Kamin, 1968). That is, learning as a result of the initial Y-
outcome association blocks (so to speak) responding to X that
the XY-outcome pairings would otherwise support. (Thus,
observation of blocking requires good responding to X by the
control group, which necessitates the use of parameters that
minimize overshadowing of X by Y in the control group.)

Both overshadowing and blocking can be observed with a
single compound training trial (e.g., Balaz, Kasprow, &
Miller, 1982; Mackintosh & Reese, 1979), are usually greatest
with a few compound trials, and tend to wane with many
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compound trials (e.g., Azorlosa & Cicala, 1988). Notably,
recovery from each of these cue competition effects can
sometimes be obtained without further training trials through
various treatments including (a) lengthening the retention
interval (i.e., so-called spontaneous recovery; Kraemer,
Lariviere, & Spear, 1988); (b) administration of so-called
reminder treatments, which consists of presentation of either
the outcome alone, the cue alone, or the training context (e.g.,
Balaz, Gutsin, Cacheiro, & Miller, 1982); and (c) posttraining
massive extinction of the overshadowing or blocking stimulus
(e.g., Matzel, Schachtman, & Miller, 1985). The theoretical
implications of such recovery (paralleling the recovery often
observed following the degradation of contingency in the
two-stimulus situation) are discussed later in this chapter
(see sections entitled “Expression-Focused Models” and
“Accounts of Retrospective Revaluation”).

Although competition is far more commonly observed,
under certain circumstances the presence of a second cue
during training has exactly the opposite effect; that is, it en-
hances (i.e., facilitates) responding to the target cue. When
this effect is observed within the overshadowing procedure,
it is called potentiation (Clarke, Westbrook, & Irwin,
1979); and when it is seen in the blocking procedure, it is
called augmentation (Batson & Batsell, 2000). Potentiation
and augmentation are most readily observed when the out-
come is an internal malaise (usually induced by a toxin), the
target cue is an odor, and the companion cue is a taste. How-
ever, enhancement is not restricted to these modalities (e.g.,
J. S. Miller, Scherer, & Jagielo, 1995). Another example of
enhancement, although possibly with a different underlying
mechanism, is superconditioning, which refers to enhanced
responding to a cue that is trained in the presence of a cue
previously established as a conditioned inhibitor for the out-
come, relative to responding to the target cue when the com-
panion cue was novel. In most instances, enhancement
appears to be mediated at test by the companion stimulus that
was present during training, in that degrading the associative
status of the companion stimulus between training and test-
ing often attenuates the enhanced responding (Durlach &
Rescorla, 1980).

Cues Trained Apart and Tested Apart. Although the-
ory and research in learning over the past 30 years have
focused on the interaction of cues trained together, there is
an older literature concerning the interaction of cues with
common outcomes trained apart (i.e., X→A, Y→A). This
research was conducted largely in the tradition of association-
istic studies of human verbal learning that was popular in
the mid-twentieth century. A typical example is the attenuated
responding to cue X observed when X→A training is either

preceded (proactive interference) or followed (retroactive in-
terference) by Y→A training, relative to subjects receiving no
Y→A training (e.g., Slamecka & Ceraso, 1960). The stimuli
used in the original verbal learning studies were usually con-
sonant trigrams, nonsense syllables, or isolated words. How-
ever, recent research using nonverbal preparations has found
that such interference effects occur quite generally in both hu-
mans (Matute & Pineño, 1998) and nonhumans (Escobar,
Matute, & Miller, 2001). Importantly, Y→A presentations de-
grade the X→A objective contingency because they include
presentations of A in the absence of X. This degrading of the
X-A contingency sometimes does contribute to the attenua-
tion of responding based on the X→A relationship (as seen in
subjects who receive A-alone as the disruptive treatment
relative to subjects who receive no disruptive treatment).
However, Y→Atreatment ordinarily produces a larger deficit,
suggesting that, in addition to contingency effects, associa-
tions with a common element interact to reduce target stimu-
lus control (e.g., Escobar et al., 2001). Although interference
is the more frequent result of the X→A, Y→A design, facili-
tation is sometimes observed, most commonly when X and Y
are similar (e.g., Osgood, 1949).

Cues Trained Apart and Tested Together. When two
independently trained cues are compounded at test, responding
is usually at least as or more vigorous than when only one of
the cues is tested (see Kehoe & Gormezano, 1980). When the
response to the compound is greater than to either element,
the phenomenon is called response summation. Presumably, a
major factor limiting responsesummation is that compounding
two cues creates a test situation different from that of training
with either cue; thus, attenuated responding to the compound
due to generalization decrement is expected. The question is
under what conditions will generalization decrement counter-
act the summation of the tendencies to respond to the two stim-
uli. Research suggests that when subjects treat the compound
as a unique stimulus in itself, distinct from the original stimuli
(i.e., configuring), summation will be minimized (e.g., Kehoe,
Horne, Horne, & Macrae, 1994). Well-established rules of
perception (e.g., gestalt principles; Köhler, 1947) describe the
conditions that favor and oppose configuring.

Multiple Outcomes With a Single Cue

Just as Y→A trials can interact with behavior based on X→A
training, so too can X→B trials interact with behavior based
on X→A training.

Multiple Outcomes Trained Together With a Single
Cue. When a cue X is paired with a compound of outcomes
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(i.e., X→AB), responding on tests of the X→A relationship
often yield less responding than that of a control group for
which B was omitted, provided A and B are sufficiently dif-
ferent. Such a result might be expected based on either
distraction during training or response competition at test,
both of which are well-established phenomena. However,
some studies have been designed to minimize these two po-
tential sources of outcome competition. For example, Burger,
Mallemat, and Miller (2000) used a sensory preconditioning
procedure (see this chapter’s section entitled “Second-Order
Conditioning and Sensory Preconditioning”) in which the
competing outcomes were not biologically significant; and
only just before testing did they pair A with a biologically
significant stimulus so that the subjects’ learning could be as-
sessed. As neither A nor B was biologically significant during
training, (a) distraction by B from A was less apt to occur
(although it cannot be completely discounted), and (b) B con-
trolled no behavior that could have produced response
competition at test. Despite minimization of distraction and
response competition, Burger et al. still observed competition
between outcomes (i.e., the presence of B during training at-
tenuated responding based on X and A having been paired).
To our knowledge, no one to date has reported facilitation
from the presence of B during training. But analogy with the
multiple-cue case suggests that facilitation might occur if the
two outcomes had strong within-compound links (i.e., A and
B were similar or strongly associated to each other).

Multiple Outcomes Trained Apart With a Single Cue:
Counterconditioning. Just as multiple cues trained apart
with a common outcome can result in an interaction, so too
can an interaction be observed when multiple outcomes are
trained apart with a common cue. Alternatively stated, re-
sponding based on X→A training can be disrupted by X→B
training. The best known example of this is countercondi-
tioning (e.g., responding to a cue based on cue→food train-
ing is disrupted by cue→footshock training). The interfering
training (X→B) can occur before, among, or after the target
training trials (X→A). Although response competition is a
likely contributing factor, there is good evidence that such
interference effects are due to more than simple response
competition (e.g., Dearing & Dickinson, 1979). Just as inter-
ference produced by Y→A in the X→A, Y→A situation can
be due in part to degrading the X-A contingency, so atten-
uated responding produced by X→B in the X→A, X→B
situation can arise in part from the degrading of the X-A
contingency that is inherent in the presentations of X during
X→B trials. However, research has found that the response
attenuation produced by the X→B trials is sometimes greater
than that produced by X-alone presentations; hence, this sort

of interference cannot be treated as simply an instance of de-
graded contingency (Escobar, Arcediano, & Miller, 2001).

Resolving Ambiguity

The magnitude of the interference effects described in the
two previous sections is readily controlled by conditions
at the time of testing. If the target and interfering treatments
have been given in different contexts (i.e., competing ele-
ments trained apart), presentation at test of contextual cues
associated with the interfering treatment enhances interfer-
ence, whereas presentation of contextual cues associated
with target training reduces interference. These contextual
cues can be either diffuse background cues or discrete stimuli
that were presented with the target (Escobar et al., 2001).
Additionally, more recent training experience typically dom-
inates behavior (i.e., a recency effect), all other factors being
equal. Such recency effects fade with increasing retention
intervals, with the consequence that retroactive interfer-
ence fades and, correspondingly, proactive interference in-
creases when the posttraining retention interval is increased
(Postman, Stark, & Fraser, 1968).

Notably, the contextual and temporal modulation of inter-
ference effects is highly similar to the modulation observed
with degraded contingency effects (see this chapter’s section
entitled “Factors Influencing Aquired Stimulus Control of
Behavior”). This similarity is grounds for revisiting the issue
of whether interference effects are really different from de-
graded contingency effects. We previously cited grounds for
rejecting the view that interference effects were no more than
degraded contingency effects (see this chapter’s section on
that topic). However, if the training context is regarded as
an element that can become associated with a cue on a cue-
alone trial or with an outcome on an outcome-alone trial,
contingency degrading trials could be viewed as target cue-
context or context-outcome trials that interfere with behavior
promoted by target cue-outcome trials much as Y-outcome or
target-B trials do within the interference paradigm. In princi-
ple, this allows degraded contingency effects to be viewed as
a subset of interference effects. However, due to the vague-
ness of context as a stimulus, this approach has not received
widespread acceptance.

Mediation

Mediated changes in control of behavior by a stimulus refers
to situations in which responding to a target cue is at least
partially a function of the training history of a second cue
that has at one time or another been paired with the target.
Depending on the specific situation, mediational interaction
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between the target and the companion cues can occur either
at the time that they are paired during training (e.g., aver-
sively motivated second-order conditioning, see section
entitled “Second-Order Conditioning and Sensory Precondi-
tioning”; Holland & Rescorla, 1975) or at test (e.g., sensory
preconditioning, see same section; Rizley & Rescorla,
1972). As discussed below, the mediated control transferred
to the target can be either consistent with the status of the
companion cue (e.g., second-order conditioning) or inverse
to the status of the companion cue (e.g., conditioned inhibi-
tion, blocking). Testing whether a mediational relationship
between two cues exists usually takes the form of presenting
the companion cue with or without the outcome in the ab-
sence of the target and seeing whether that treatment influ-
ences responding to the target. This manipulation of the
companion cue can be done before, interspersed among, or
after the target training trials. However, sometimes posttarget-
training revaluation of the companion does not alter respond-
ing to the target, suggesting that the mediational process
occurs during training (e.g., aversively motivated second-
order conditioning).

Second-Order Conditioning and Sensory Preconditioning

If cue Y is paired with a biologically significant outcome (A)
such that Y comes to control responding, and subsequently
cue X is paired with Y (i.e., Y→A, X→Y), responding to X
will be observed. This phenomenon is called second-order
conditioning (Pavlov, 1927). Cue X can similarly be imbued
with behavioral control if the two phases of training above
are reversed (i.e., X→Y, followed by Y→A). This latter phe-
nomenon is called sensory preconditioning (Brogden, 1939).
Second-order conditioning and sensory preconditioning are
important for two reasons. First, these phenomena are simple
examples of mediated responding—that is, acquired behavior
that depends on associations between stimuli that are not of
inherent biological significance. Second, these phenomena
pose a serious challenge to the principle of contiguity. For ex-
ample, consider sensory preconditioning: A light is paired
with a tone, then the tone is paired with an aversive event
(i.e., electric shock); at test, the light evokes a conditioned
fear response. Thus, the light is controlling a response appro-
priate for the aversive event, despite its never having been
paired with that event. This is a direct violation of contiguity
in its simplest form. Based on the observation of mediated
behavior, the law of contiguity must be either abandoned
or modified. Given the enormous success of contiguity in
describing the conditions that foster acquired behavior,
researchers generally have elected to redefine contiguity as
spatiotemporal proximity between the cue or its surrogate

and the outcome or its surrogate, thereby incorporating me-
diation within the principle of contiguity.

Mediation appears to occur when two different types of
training share a common element (e.g., X→Y, Y→A). Im-
portantly, the mediating stimulus ordinarily does not simply
act as a (weak) substitute for the outcome (as might be ex-
pected of a so-called simple surrogate). Rather, the mediating
stimulus (i.e., first-order cue) carries with it its own spa-
tiotemporal relationship to the outcome, such that the second-
order cue supports behavior appropriate for a summation of
the mediator-outcome spatiotemporal relationship and the
second-order cue-mediator spatiotemporal relationship (for
spatial summation, see Etienne, Berlie, Georgakopoulos, &
Maurer, 1998; for temporal summation, see Matzel, Held
et al., 1988). In effect, subjects appear to integrate the two
separately experienced relationships to create a spatiotempo-
ral relationship between the second-order cue and the out-
come, despite their never having been physically paired.

The mediating process that links two stimuli that were
never paired could occur in principle either during training or
during testing. To address this issue, researchers have asked
what happens to the response potential of a second-order cue X
when its first-order cue is extinguished between training and
testing. Rizley and Rescorla (1972) reported that such post-
training extinction of Y did not degrade responding to a sec-
ond-order cue (X), but subsequent research has under some
conditions found attenuated responding to X (Cheatle & Rudy,
1978). The basis for this difference is not yet completely clear,
but Nairne and Rescorla (1981) have suggested that it depends
on the valence of the outcome (i.e., appetitive or aversive).

Conditioned Inhibition

Conditioned inhibition refers to situations in which a subject
behaves as if it has learned that a particular stimulus (a
so-called inhibitor) signals the omission of an outcome.
Conditioned inhibition is ordinarily assessed by a combina-
tion of (a) a summation test in which the putative inhibitor is
presented in compound with a known conditioned excitor
(different from any excitor that was used in training the
inhibitor) and seen to reduce responding to the excitor; and
(b) a retardation test in which the inhibitor is seen to be slow
in coming to serve as a conditioned excitor in terms of
required number of pairings with the outcome (Rescorla,
1969). Because the standard tests for conditioned excitation
and conditioned inhibition are operationally distinct, stimuli
sometimes can pass tests for both excitatory and inhibitory
status after identical treatment. The implication is that condi-
tioned inhibition and conditioned excitation are not mutually
exclusive (e.g., Matzel, Gladstein, & Miller, 1988), which is
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contrary to some theoretical formulations (e.g., Rescorla &
Wagner, 1972).

There are several different procedures that appear to pro-
duce conditioned inhibition (LoLordo & Fairless, 1985).
Among them are (a) explicitly unpaired presentations of the
cue (inhibitor) and outcome (described in objective contin-
gency on pp. 361–363); (b) Pavlov’s (1927) procedure in
which a training excitor (Y) is paired with an outcome, inter-
spersed with trials in which the training excitor and intended
inhibitor (X) are presented in nonreinforced compound; and
(c) so-called backward pairings of a cue with an outcome (out-
come→X; Heth, 1976). What appears similar across these
various procedures is that the inhibitor is present at a time that
another cue (discrete or contextual) signals that the outcome is
apt to occur, but in fact it does not occur. Conditioned inhibi-
tion is stimulus-specific in that it generates relatively narrow
generalization gradients, similar to conditioned excitation
(Spence, 1936). Additionally, it is outcome-specific in that an
inhibitor will transfer its response-attenuating influence on
behavior between different cues for the same outcome, but not
between cues for different outcomes (Rescorla & Holland,
1977). Hence, conditioned inhibition, like conditioned excita-
tion, is a form of stimulus-specific learning about a relation-
ship between a cue and an outcome. But because it is neces-
sarily mediated (the cue and outcome are never paired),
conditioned inhibition is more similar to second-order condi-
tioning than it is to simple (first-order) conditioning. More-
over, just as responding to a second-order conditioned stimu-
lus not only appears as if the subject expects the outcome at a
time and place specified conjointly by the spatiotemporal re-
lationships between X and Y and between Y and the outcome
(e.g., Matzel, Held et al., 1988), so too does a conditioned in-
hibitor seemingly signal not only the omission of the outcome
but also the time and place of that omission as well (e.g., Den-
niston, Blaisdell, & Miller, 1998).

One might ask about the behavioral consequences for
conditioned inhibition of posttraining extinction of the medi-
ating cue. Similar to corresponding tests with second-order
conditioning, the results have been mixed. For example,
Rescorla and Holland (1977) found no alteration of behavior
indicative of inhibition, whereas others (e.g., Best, Dunn,
Batson, Meachum, & Nash, 1985; Hallam, Grahame, Harris, &
Miller, 1992) observed a decrease in inhibition.Yin, Grahame,
and Miller (1993) suggested that the critical difference be-
tween these studies is that massive posttraining extinction of
the mediating stimulus is necessary to obtain changes in be-
havioral control by an inhibitor.

Despite these operational and behavioral similarities
of conditioned inhibition and second-order conditioning,

there is one most fundamental difference. Responding to a
second-order cue is appropriate for the occurrence of the out-
come, whereas responding to an inhibitor is appropriate for
the omission of the outcome. In sharp contrast to second-
order conditioning (and sensory preconditioning), which are
examples of positive mediation (seemingly passing informa-
tion, so to speak, concerning an outcome from one cue to a
second cue), conditioned inhibition is an example of negative
mediation (seemingly inverting the expectation of the out-
come conveyed by the first-order cue as the information is
passed to the second-order cue). Why positive mediation
should occur in some situations and negative mediation in
other apparently similar situations is not yet fully understood.
Rashotte, Marshall, and O’Connell (1981) and Yin, Barnet,
and Miller (1994) have suggested that the critical variable
may be the number of nonreinforced X-Y trials. A second dif-
ference between inhibition and second-order excitation that
is likely related to the aforementioned one is that nonrein-
forced exposure to an excitor produces extinction, whereas
nonreinforced exposure to an inhibitor not only does not re-
duce its inhibitory potential, but also sometimes increases it
(DeVito & Fowler, 1987).

Retrospective Revaluation

Mediated changes in stimulus control of behavior can often
be achieved by treatment (reinforcement or extinction) of a
target cue’s companion stimulus either before, during, or
after the pairings of the target and companion stimuli (rein-
forced or nonreinforced). Recent interest has focused on
treatment of the companion stimulus alone after the comple-
tion of the compound trials, because in this case the observed
effects on responding to the target are particularly problem-
atic to most conventional associative theories of acquired
behavior. A change in stimulus control following the termi-
nation of training with the target cue is called retrospective
revaluation. Importantly, both positive and negative media-
tion effects have been observed with the retrospective reval-
uation procedure. Sensory preconditioning is a long-known
but frequently ignored example of retrospective revaluation
in its simplest form. It is an example of positive retrospec-
tive revaluation because the posttarget-training treatment
with the companion stimulus produces a change in respond-
ing to the target that mimics the change in control by the
companion stimulus. Other examples of positive retrospec-
tive revaluation include the decrease in responding some-
times seen to a cue trained in compound when its companion
cue is extinguished (i.e., mediated extinction; Holland &
Forbes, 1982). In contrast, there are also many reports of
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negative retrospective revaluation, in which the change in
control by the target is in direct opposition to the change
produced in the companion during retrospective revaluation.
Examples of negative retrospective revaluation include
recovery from overshadowing as a result of extinction of the
overshadowing stimulus (e.g., Matzel et al., 1985), decreases
in conditioned inhibition as a result of extinction of the in-
hibitor’s training excitor (e.g., DeVito & Fowler, 1987), and
backward blocking (AX→outcome, followed by A→out-
come, e.g., Denniston et al., 1996).

The occurrence of both positive and negative mediation
in retrospective revaluation parallels the two opposing ef-
fects that are observed when the companion cue is treated
before or during the compound stimulus trials. In the section
entitled “Multiple Cues With a Common Outcome,” we
described not only overshadowing but also potentiation,
which, although operationally similar to overshadowing, has
a converse behavioral result. Notably, the positive mediation
apparent in potentiation can usually be reversed by post-
training extinction of the mediating (potentiating) cue (e.g.,
Durlach & Rescorla, 1980). Similarly, the negative media-
tion apparent in overshadowing can sometimes be reversed
by massive posttraining extinction of the mediating (over-
shadowing) cue (e.g., Kaufman & Bolles, 1981; Matzel
et al., 1985). However, currently there are insufficient data
to specify a rule for the changes in control by a cue that will
be observed when its companion cue is reinforced or extin-
guished. That is to say, we do not know the critical vari-
ables that determine whether mediation will be positive or
negative. As previously mentioned (see section titled “Con-
ditioned Inhibition”), the two prime candidates for deter-
mining the direction of mediation are the number of pairings
of the target with the mediating cue and whether those
pairings are simultaneous or serial. Whatever the outcome
of future studies, research on retrospective revaluation has
clearly demonstrated that the previously accepted view—
that the response potential of a cue cannot change if it is not
presented—was incorrect.

MODELS OF PAVLOVIAN RESPONDING: THEORY

Here we turn from our summary of variables that influence
acquired behavior based on cue-outcome (Pavlovian) rela-
tionships to a review of accounts of this acquired behavior. In
this section, we contrast the major variables that differentiate
among models, and we refer back to our list of empirical vari-
ables (see section titled “Factors Influencing Acquired Stim-
ulus Control of Behavior”) to ask how the different families

of models account for the roles of these variables. Citations
are provided for the interested reader wishing to pursue the
specifics of one or another model.

Units of Analysis

What Is a Stimulus?

Before we review specific theories, we must briefly consider
how an organism perceives a stimulus and processes its rep-
resentation. Different models of acquired behavior use dif-
ferent definitions of stimuli. In some models, the immediate
perceptual field is composed of a vast number of microele-
ments (e.g., we learn not about a tree, but each branch, twig,
and leaf; Estes & Burke, 1953; McLaren & Mackintosh,
2000). In other models, the perceptual field at any given mo-
ment consists of a few integrated sources of receptor stimula-
tion (e.g., the oak tree, the maple tree; Rescorla & Wagner,
1972; Gallistel & Gibbon, 2000). For yet other models, the
perceptual field at any given moment is fully integrated and
contains only one so-called configured stimulus, which con-
sists of all that immediately impinges on the sensorium (the
forest; Pearce, 1987). Although each approach offers its own
distinct merits and demerits, they have all proven viable.
Generally speaking, the larger the number of elements as-
sumed, the more readily can behavior be explained post hoc,
but the more difficult it is to make testable a priori predic-
tions. By increasing the number of stimuli, each of which can
have its own associative status, one is necessarily increasing
the number of variables and often the number of parameters.
Thus, it may be difficult to distinguish between models that
are correct in the sense that they faithfully represent some
fundamental relationship between acquired behavior and
events in the environment, and models that succeed because
there is enough flexibility in the model’s parameters to ac-
count for virtually any result (i.e., curve fitting). Most models
assume that subjects process representations of a small num-
ber of integrated stimuli at any one time. That is, the percep-
tual field might consist of a tone and a light and a tree, each
represented as an integrated and inseparable whole. 

Worthy of special note here is the McLaren and Mackintosh
(2000) model with its elemental approach. This model not
only addresses the fundamental phenomena of acquired be-
havior, but also accounts for perceptual learning, thereby pro-
viding an account of how and by what mechanism organisms
weave the stimulation provided by many microelements into
the perceptual fabric of lay usage. In other words, the model
offers an explanation of how experience causes us to merge
representations of branches, twigs, and leaves into a com-
pound construct like a tree.
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What Is a Response?

In Pavlovian learning, the conditioned response reflects the
nature of the outcome, which is ordinarily a biologically
significant unconditioned stimulus (but see Holland, 1977).
However, this is not sufficient to predict the form of condi-
tioned behavior. Although responding is often of the same
form as the unconditioned response to the unconditioned stim-
ulus (i.e., mimetic), it is sometimes in the opposite direction
(i.e., compensatory). Examples of mimetic conditioned re-
sponding include eyelid conditioning, conditioned salivation,
and conditioned release of endogenous endorphins with aver-
sive stimulation as the unconditioned stimulus. Examples of
compensatory conditioned responding include conditioned
freezing with foot shock as the unconditioned stimulus, and
conditioned opiate withdrawal symptoms with opiates as the
unconditioned stimulus. The question of under what condi-
tions will conditioned responding be compensatory as opposed
to mimetic has yet to be satisfactorily answered. Eikelboom
and Stewart (1982) argued that all conditioned responding is
mimetic, and that compensatory instances simply reflect our
misidentifying the unconditioned stimulus—that is, for un-
conditioned stimuli that impinge primarily on efferent neural
pathways of the peripheral nervous system, the real reinforcer
is the feedback to the central nervous system. Thus, what is
often called the unconditioned response precedes a later be-
havior that constitutes the effective unconditioned response.
This approach is stimulating, but encounters problems: Most
unconditioned stimuli impinge on both afferent and efferent
pathways, and there are complex feedback loops at various
anatomical levels between these two pathways.

Conditioned responding is not just a reflection of past
experience with a cue indicating a change in the probability
of an outcome. Acquired behavior reflects not only the like-
lihood that a reinforcer will occur, but when and where the
reinforcer will occur. This is evident in most learning situa-
tions (see “Response Topology and Timing”). For example,
Clayton and Dickinson (1999) have reported that scrub jays,
which cache food, remember not only what food items have
been stored, but where and when they were stored. Addition-
ally, there is evidence that subjects can integrate temporal
and spatial information from different learning experiences
to create spatiotemporal relationships between stimuli that
were never paired in actual experience (e.g., Etienne et al.,
1998; Savastano & Miller, 1998). Alternatively stated, in me-
diated learning, not only does the mediating stimulus become
a surrogate for the occurrence of the outcome, it carries with
it information concerning where and when the outcome will
occur, as is evident in the phenomenon of goal tracking (e.g.,
Burns & Domjan, 1996).

What Mental Links Are Formed?

In the middle of the twentieth century, there was considerable
controversy about whether cue-outcome, cue-response, or
response-outcome relationships were learned (i.e., associa-
tions, links). The major strategies used to resolve this question
were to either (a) use test conditions that differed from those
of training by pitting one type of association against another
(e.g., go towards a specific stimulus, or turn right); or (b) de-
grade one or another component after training (e.g., satiation
or habituation of the outcome or extinction of the eliciting cue)
and observe its effect on acquired behavior. The results of such
studies indicated that subjects could readily learn all three
types of associations, and ordinarily did to various degrees,
depending on which allowed the easiest solution of the task
facing the subject (reviewed by Kimble, 1961). That is, sub-
jects are versatile in their information processing strategies,
opportunistic, and ordinarily adept at using whichever combi-
nation of environmental relationships is most adaptive.

Although much stimulus control of behavior can be
described in terms of simple associations among cues, re-
sponses, and outcomes, occasion setting (described under
the section entitled “Objective Contingency”) does not yield
to such analyses. One view of how occasion setting works
is that occasion setters serve to facilitate (or inhibit) the
retrieval of associations (e.g., Holland, 1983b). Thus, they
involve hierarchical associations; that is, they are associated
with associations rather than with simple representations of
stimuli or responses (cf. section entitled “Hierarchical Asso-
ciations”). Such a view introduces a new type of learning,
thereby adding complexity to the compendium of possible
learned relationships. The leading alternative to this view of
occasion setting is that occasion setters join into configural
units with the stimuli that they are modulating (Schmajuk,
Lamoureux, & Holland, 1998). This latter approach suffices
to explain behavior in most occasion-setting situations, but to
date has led to few novel testable predictions. Both ap-
proaches appear strained when used to account for transfer of
modulation of an occasion setter from the association with
which they were trained to another association. Such transfer
is successful only if the transfer association itself was previ-
ously occasion set (Holland, 1989).

Acquisition-Focused (Associative) Models

All traditional models of acquired behavior have assumed
that critical processing of information occurs exclusively
when target stimuli occur—that is, at training, at test, or at
both. The various contemporary models of acquired behavior
can be divided into those that emphasize processing that



Models of Pavlovian Responding: Theory 371

occurs during training (hereafter called acquisition-focused
models) and those that emphasize processing that occurs
during testing (hereafter called expression-focused models).
For each of these two families of models in their simplest
forms, there are phenomena that are readily explained and
other phenomena that are problematic. However, theorists
have managed to explain most observed phenomena within
acquired behavior in either framework (see R. R. Miller &
Escobar, 2001) when allowed to modify models after new
observations are reported (see section entitled “Where Have
the Models Taken Us?”).

The dominant tradition since Thorndike (1932) has been
the acquisition-focused approach, which assumes that learn-
ing consists of the development of associations. In theoretical
terms, each association is characterized by an associative
strength or value, which is a kind of summary statistic repre-
senting the cumulative history of the subject with the associ-
ated events. Hull (1943) and Rescorla and Wagner (1972)
provide two examples of acquisition-focused models, with the
latter being the most influential model today (see R. R. Miller,
Barnet, & Grahame, 1995, for a critical review of this model).
Contemporary associative models today are perhaps best rep-
resented by that of Rescorla and Wagner, who proposed that
time was divided into (training) trials and on each trial for
which a cue of interest was present, there was a change in that
cue’s association to the outcome equal to the product of the
saliences of the cue and outcome, times the difference be-
tween the outcome experienced and the expectation of the
outcome based on all cues present on that trial. Notably, in ac-
quisition-focused models, subjects are assumed not to recall
specific experiences (i.e., training trials) at test; rather they
have accessible only the current associative strength between
events. Models within this family differ primarily in the rules
used to calculate associative strength, and whether other sum-
mary statistics are also computed. For example, Pearce and
Hall (1980) proposed that on each training trial, subjects not
only update the associative strength between stimuli present
on that trial, but also recalculate the so-called associability of
each stimulus present on that trial. What all contemporary ac-
quisition-focused models share is that new experience causes
an updating of associative strength; hence, recent experience
is expected to have a greater impact on behavior than other-
wise equivalent earlier experience. The result is that these
models are quite adept at accounting for those trial-order ef-
fects that can be viewed as recency effects; conversely, they
are challenged by primacy effects (which, generally speaking,
are far less frequent than recency effects; see chapters by
Nairne, and by Roediger & Marsh in this volume). In the fol-
lowing section, we discuss some of the major variables that
differentiate among the various acquisition-focused models.

Specifics of individual models are not described here, but rel-
evant citations are provided.

Addressing Critical Factors of Acquired Behavior

Stimulus Salience and Attention

Nearly all models (acquisition- and expression-focused)
represent the saliencies of the cue and outcome through one
conjoint (e.g., Bush & Mosteller, 1951) or two independent
parameters (one for the cue and the other for the outcome,
e.g., Rescorla & Wagner, 1972). A significant departure from
this standard treatment of salience-attention is Pearce and
Hall’s (1980) model, which sharply differentiates between
salience, which is a constant for each cue, and associability,
which changes with experience and affects the rate (per trial)
at which new information about the cue is encoded.

Predispositions: Genetic and Experiential. Behav-
ioral predispositions, which depend on evolutionary history,
specific prior experience, or both, are very difficult to capture
in models meant to have broad generality across individuals
within a species and across species. In fact, most models of
acquired behavior (acquisition- and expression-focused)
have ignored the issue of predispositions. However, those
models that use a single parameter to describe the conjoint
associability (growth parameter) for both the cue and out-
come (as opposed to separate associabilities for the cue and
outcome) can readily incorporate predispositions within this
parameter. For example, in the well-known Garcia and
Koelling (1966) demonstration of flavors joining into associ-
ation with gastric distress more readily than with electric
shock and audiovisual cues entering into association more
readily with electric shock than with gastric distress, sepa-
rate (constant) associabilities for the flavor, audiovisual cue,
electric shock, and gastric distress cannot account for the ob-
served predispositions. In contrast, this example of cue-to-
consequence effects is readily accounted for by high conjoint
associabilities for flavor–gastric distress and for audiovisual
cues–electric shock, and low conjoint associabilities for fla-
vor–electric shock and for audiovisual cues–gastric distress.
However, to require a separate associability parameter for
every possible cue-outcome dyad creates a vastly greater
number of parameters than simply having a single parameter
for each cue and each outcome with changes in behavior
being in part a function of these two parameters (usually
their product). Hence, we see here the recurring trade-off
between oversimplifying (separate parameters for each cue
and each outcome) and reality (a unique parameter for each
cue-outcome dyad).
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An alternative to models aiming for broad generality over
tasks and species is to develop separate models for each task
(e.g., foraging, mating, defense, shelter from the elements)
and species, consistent with the view that the mind is modu-
lar (e.g., Garcia, Lasiter, Bermudez-Rattoni, & Deems,
1985). This approach has been championed by some re-
searchers (Cosmides & Tooby, 1994), but faces challenges
because the resulting models can become very complex and
are limited in their potential to generate unambiguous
testable predictions.

Spatiotemporal Contiguity (Similarity). Despite the
empirical importance of contiguity as a determinant of ac-
quired behavior, it is surprising that many associative models
give short shrift to this critical variable. One common tactic
has been to incorporate contiguity indirectly through changes
in the predictive status of the context that on subsequent trials
modulates the associative status of the cue (e.g., Mackintosh,
1975; Pearce & Hall, 1980; Rescorla & Wagner, 1972). The
associative models that do squarely address the effects of
temporal contiguity are real-time models (see Temporal Win-
dow of Analysis on p. 374; e.g., McLaren & Mackintosh,
2000; Sutton & Barto, 1981; Wagner; 1981).

Objective Contingency. The attenuation of acquired
behavior through degradation of contingency has rarely been
addressed as a unified problem. Most associative models of
acquired behavior have accounted for extinction through
either (a) weakening of the cue-outcome association (e.g.,
Rescorla & Wagner, 1972), or (b) the development of an
inhibitory relationship between the cue and outcome that op-
poses the expression of the initial excitatory association (e.g.,
Hull, 1952; Pearce & Hall, 1980; Wagner, 1981). Attenuated
responding due to partial reinforcement (i.e., nonreinforced
cues interspersed among the cue-outcome pairings) is ordi-
narily explained through mechanisms similar to those used to
account for extinction. The CS-preexposure effect has been
explained both in terms of (a) a decrease in the associability
(attention) to the cue as a result of nonreinforced pretraining
exposure (e.g., Pearce & Hall, 1980); and (b) the development
of a strong context-cue association that attenuates acquisition
of the cue-outcome association (e.g., Wagner, 1981). The
context specificity of the CS-preexposure effect seemingly
lends support to this latter view, but at least one attentional ap-
proach can also accommodate it (Lubow, 1989). Notably,
some prominent models simply fail to account for the CS-
preexposure effect (e.g., Rescorla & Wagner, 1972).

Attenuated responding achieved by degrading contin-
gency through unsignaled USs interspersed among the CS-US
pairings and the US-preexposure effect are both explained by

most associative models in terms of context-outcome associ-
ations, which then compete with the cue-outcome association.
This is consistent with the context specificity of these effects
(i.e., CS preexposure in one context retards subsequent stim-
ulus control during cue-outcome pairings much less if the
preexposure occurred outside of the training context). How-
ever, habituation to the outcome can also contribute to the ef-
fect in certain cases (Randich & LoLordo, 1979). Only a few
associative models can account for reduced responding as a
result of unsignaled outcome exposures after the termination
of cue training (Dickinson & Burke, 1996; Van Hamme &
Wasserman, 1994). However, confirmation of this prediction
is only a limited success because the effect is difficult to
obtain experimentally (see Denniston et al., 1996).

Cue and Outcome Durations. Models that parse time
into trials usually account for the generally weaker stimulus
control observed when cue duration is increased by changing
the cue’s associability-salience parameter (e.g., Rescorla &
Wagner, 1972). This mechanism is largely post hoc. Changes
in outcome duration might be addressed in the same manner,
but they have received little attention because results of stud-
ies that have varied outcome duration are mixed, presumably
because the motivational properties of the outcome changed
with the duration of its presentation. A far better account of
cue and outcome durations is provided by real-time associa-
tive models (McLaren & Mackintosh, 2000; Sutton & Barto,
1981; Wagner, 1981). According to these models, the associa-
tive strength of a cue changes continuously when it is present,
depending on the activity of the outcome representation.

Reinforcement Theory. For the first 60 years of the
twentieth century, various forms of reinforcement theory
dominated the study of acquired behavior. The history of re-
inforcement theory can be traced from Thorndike’s strong law
of effect (1911; see section entitled “Instrumental Respond-
ing”) through Hull’s several models (e.g., 1952). The basic
premise of reinforcement theory was that learning did not
occur without a biologically significant reinforcer. Although
this view was long dominant, as early as Tolman (1932) there
were objections, often framed in terms of reinforcement’s
having more impact on the expression of knowledge than on
the encoding of it. Although reinforcement during training
may well accelerate the rate at which a cue-outcome relation-
ship is learned, encoding of stimulus relationships does occur
in the absence of reinforcement (unless one insists on making
esoteric arguments that every stimulus about which organ-
isms can learn has some minimal reinforcing value). This is
readily demonstrated in Pavlovian situations by the sensory
preconditioning effect (X→A training followed by A→US
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training SPC, with a subsequent test on X; Brogden, 1939)
and in instrumental situations by latent learning effects in
which the subject is not motivated when exposed to the learn-
ing relationships (Tolman & Honzik, 1930).

Conditioned Inhibition. The operations and conse-
quent changes in behavior indicative of conditioned inhibition
were described previously in this chapter. At the theoretical
level, there are three different ways that acquisition-focused
models have accounted for conditioned inhibition. Konorski
(1948) suggested that inhibitory cues elevate the activation
threshold of the US representation required for generation
of a conditioned response. Later, Konorski (1967) proposed
that inhibitory cues activated a no-US representation that
countered activation of a US representation by excitatory
associations to that stimulus or other stimuli present at test.
Subsequently, Rescorla and Wagner (1972) proposed that
conditioned inhibitors were cues with negative associative
strength. According to this view, for a specific stimulus condi-
tioned inhibition and excitation are mutually exclusive. This
position has been widely adopted, perhaps in part because
of its simplicity. However, considerable data (e.g., Matzel,
Gladstein, et al., 1988) demonstrate that inhibition and excita-
tion are not mutually exclusive (i.e., a given stimulus can pass
tests for both excitation and inhibition without intervening
training). Most acquisition-focused theories other than the
Rescorla-Wagner model allow stimuli to possess both excita-
tory and inhibitory potential simultaneously (e.g., Pearce &
Hall, 1980; Wagner, 1981).

Response Rules. Any model of acquired behavior must
include both learning rules (to encode experience) and re-
sponse rules (to express this encoded information). Acquisi-
tion-focused models, by their nature, generally have simple
response rules and leave accounts of behavioral phenomena
largely to differences in what is learned during training. For
example, the Rescorla-Wagner (1972) model simply states
that responding will be a monotonic function of associative
strength. In practice, most researchers who have tried to test
the model quantitatively have assumed that response magni-
tude is proportional to associative strength. The omission of a
specific response rule in the Rescorla-Wagner model was not
an oversight. They wanted to focus attention on acquisition
processes and did not want researchers to be distracted by
concerns that were not central to their model. However, the
lack of a specific response rule leaves the Rescorla-Wagner
model less of a quantitative model than is sometimes
acknowledged.

Information Value. The view that cues acquire associa-
tive strength to the extent that they are informative about (i.e.,
predict) an outcome was first suggested by Egger and Miller

(1963), who observed less responding to X after A→X→US
trials than after equivalent training in the absence of A
(X→US; i.e., serial overshadowing). Kamin (1968) devel-
oped the position, and it was later formalized in the Rescorla-
Wagner (1972) model. Rescorla and Wagner’s primary
concern was competition between cues trained in compound
(e.g., overshadowing and blocking). They argued that a cue
would acquire associative strength with respect to an out-
come to the extent that the outcome was not already predicted
(i.e., was surprising). If another cue that was present during
training of the target already predicted the outcome, there
was no new information about the outcome to be provided by
the cue, and hence no learning occurred. This position held
sway for several decades, became central to many subsequent
models of learning (e.g., Mackintosh, 1975; Pearce, 1987;
Pearce & Hall, 1980; Wagner, 1981), and is still popular
today. The informational hypothesis has been invoked to ac-
count for many observations, including the weak responding
observed to cues presented simultaneously with an outcome
(i.e., the simultaneous conditioning deficit). But it has been
criticized for failing to distinguish between learning and ex-
pression of what was learned. Demonstrations of recovery
(without further training) from competition between cues
trained in compound challenge the informational hypothesis
(e.g., reminder cues; Kasprow, Cacheiro, Balaz, & Miller,
1982; extinction of the competing cue; Kaufman & Bolles,
1981; and spontaneous recovery; J. S. Miller, McKinzie,
Kraebel, & Spear, 1996). Similarly problematic is the obser-
vation that simultaneous presentations of a cue (X) and out-
come appear to result in latent learning that can later be
revealed by manipulations that create a forward relationship
to a stimulus presented at test (e.g., X and US simultaneous,
Y→X, test on Y; Matzel, Held et al., 1988). Thus, both cue
competition and the simultaneous conditioning deficit appear
to be, at least in part, deficits in expression of acquired
knowledge rather than deficits in acquisition, contrary to the
informational hypothesis. Certainly, predictive power (the
focus of the informational hypothesis) is the primary function
of learning, but the process underlying learning appears to be
dissociated from this important function.

Element Emphasized

Contemporary associative models of acquired behavior were
designed in large part to account for cue competition between
cues trained in compound. Although there is considerable
reason to think that cue competition is due to factors other
than deficient acquisition (see “Multiple Cues With a Com-
mon Outcome”), most contemporary associative models
have attempted to account for cue competition through either
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the outcome’s or the cue’s becoming less effective in sup-
porting new learning. Outcome-limited associative models
are ordinarily based on the informational hypothesis, and
assume that the outcome becomes less effective in promoting
new learning because it is already predicted by the competing
cues that are presented concurrently with the target (e.g.,
Rescorla & Wagner, 1972). In contrast, cue-limited models
assume that attention to (or associability of) the target cue de-
creases as a result of the concurrent presence of competing
cues that are better predictors of the outcome than is the
target (e.g., Pearce & Hall, 1980).

As both outcome- and cue-limited models have their
advantages, some theorists have created hybrid models that
employ both mechanisms (e.g., Mackintosh, 1975; Wagner,
1981). Obviously, such hybrid models tend to be more suc-
cessful in providing post hoc accounts of phenomena. But
because they incorporate multiple mechanisms, their a priori
predictions tend to be dependent on specific parameters.
Thus, in some cases their predictions can be ambiguous un-
less extensive preliminary work is done to determine the
appropriate parameters for the specific situation. 

Temporal Window of Analysis

A central feature of any model of acquired behavior is the
frequency with which new perceptual input is integrated with
previously acquired knowledge. Most acquisition-focused
models of learning are discrete-trial models, which assume
that acquired behavior on any trial depends on pretrial knowl-
edge, and that the information provided on the trial is inte-
grated with this knowledge immediately after the trial
(i.e., after the occurrence or nonoccurrence of the outcome;
e.g., Mackintosh, 1975; Pearce & Hall, 1980; Rescorla &
Wagner, 1972). Such an assumption contrasts with real-time
models, which assume that new information is integrated
continuously with prior knowledge (e.g., McLaren &
Mackintosh, 2000; Sutton & Barto, 1981; Wagner, 1981). In
practice, most implementations of real-time models do not in-
tegrate information instantaneously, but rather do so very fre-
quently (e.g., every 0.1 s) throughout each training session. A
common weakness of all discrete-trial models (expression- as
well as acquisition-focused) is that they cannot account for the
powerful effects of cue-outcome temporal contiguity. Parsing
an experimental session into trials in which cues and out-
comes do or do not occur necessarily implies that temporal in-
formation is lost. In contrast, real-time models (expression- as
well as acquisition-focused) can readily account for temporal
contiguity effects. Real-time models are clearly more realis-
tic, but discrete-trial models are more tractable, hence less
ambiguous, and consequently stimulate more research.

Expression-Focused Models

In contrast to acquisition-focused models, in which summary
statistics representing prior experience are assumed to be all
that is retained, expression-focused models assume that a
more or less veridical representation of past experience is
retained, and that on each test trial subjects process all (or a
sample) of this large store of information to determine their
immediate behavior (R. R. Miller & Escobar, 2001). Hence,
these models can be viewed more as response rules rather
than rules for learning per se. This approach makes far
greater demands upon memory, but perhaps there is little
empirical reason to believe that limits on long-term memory
capacity constrain how behavior is modified as a function
of experience. In many respects, this difference between
acquisition- and expression-focused models is analogous
(perhaps homologous) to the distinction between prototype
and exemplar models in category learning (e.g., chapter by
Goldstone & Kersten in this volume; Ross & Makin, 1999).
A consistent characteristic of contemporary expression-
focused models of acquired behavior is that they all involve
some sort of comparison between the likelihood of the out-
come in the presence of the cue and the likelihood of the
outcome in the absence of the cue.

Contingency Models

One of the earliest and best known contingency models
is that of Rescorla (1968; also see Kelley, 1967). This
discrete-trial model posits that subjects behave as if they
record the frequencies of (a) cue-outcome pairings, (b) cues
alone, (c) outcomes alone, and (d) trials with neither (see Fig-
ure 13.1). Based on these frequencies, conditioned respond-
ing reflects the difference between the conditional probability
of the outcome given the presence of the cue, and the condi-
tional probability of the outcome in the absence of the cue
(i.e., the base rate of the outcome). Alternatively stated, stim-
ulus control is assumed to be directly related to the change in
outcome probability signaled by the cue. A conditioned exci-
tor is a cue that signals an increase in the probability of the
outcome, whereas a conditioned inhibitor is a cue that sig-
nals a decrease in that probability. This model is often quite
successful in describing conditioned responding (and causal
inference, which appears to follow much the same rules as
Pavlovian conditioning; see Shanks, 1994, for a review).
However, researchers have found that differentially weight-
ing the four types of trial frequencies (with Type 1 receiving
the greatest weight and Type 4 the least), provides an im-
proved description of the data (e.g., Wasserman et al.,
1993).
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Rescorla’s contingency (1968) model is elegant in its sim-
plicity (e.g., contingency effects are explained as increases in
trial types 2 and 3), but suffers from several problems. Unlike
most associative models, it cannot account for (a) the power-
ful effects of trial order (e.g., recency effects) because it
ignores the order in which trials occur; or (b) cue competition
effects (e.g., blocking) because it addresses only single cue
situations. For these reasons, Rescorla abandoned his contin-
gency model in favor of the Rescorla-Wagner (1972) model.
However, other researchers have addressed these deficits by
proposing variants of Rescorla’s contingency model. For ex-
ample, Cheng and Novick (1992) developed a contingency
model that, rather than incorporating all trials, includes selec-
tion rules for which trials contribute to the frequencies used
to compute the conditional probabilities. Their focal set
model succeeds in accounting for cue competition. Addition-
ally, if trials are differentially weighted as a function of
recency, contingency models are able to address trial-order
effects (e.g., Maldonado, Cátena, Cándido, & García, 1999).
Finally, although simple contingency models cannot explain
cue-outcome contiguity effects, this problem is shared with
most models (acquisition- as well as expression-focused) that
decompose experience into discrete trials. 

Comparator Models

Comparator models are similar to contingency models in
emphasizing a comparison at the time of testing between the
likelihood of the outcome in the presence and absence of the
cue. However, these models are not based on computation of
event frequencies. Currently, there are two types of com-
parator models. One focuses exclusively on comparisons of
temporal relationships (e.g., rates of outcome occurrence),
whereas the other assumes that comparisons occur on many
dimensions, with time as only one of them.

The best-known timing model of acquired behavior is
Gibbon and Balsam’s (1981; also see Balsam, 1984) scalar-
expectancy theory (SET). According to SET, conditioned re-
sponding is directly related to the average interval between
outcomes during training (i.e., an inverse measure of the pre-
diction of the outcome based on the context), and inversely re-
lated to the interval between cue onset and the outcome (i.e., a
measure of the prediction of the outcome based on the cue.
See chapter by Capaldi in this volume for models of how tem-
poral information might be represented cognitively; here, our
concern is the use of temporal information in modulating be-
havior). Like all timing models (in contrast to the other
expression-focused models), SET is highly successful in ex-
plaining cue-outcome contiguity effects and also does well in
predicting the effects of contingency degradation that occur

when the outcome is presented in the absence of the cue. Al-
though the model accounts for the CS-preexposure effect if
context exposure is held constant, it fails to explain extinction,
because latencies to the outcome are assumed to be updated
only when an outcome occurs. Scalar-expectancy theory also
fails to account for stimulus competition-interference effects.

A recent expression-focused timing model proposed by
Gallistel and Gibbon (2000), called rate-expectancy theory
(RET), incorporates many of the principles of SET, but
emphasizes rates of outcome occurrence (in the presence and
absence of the cue), rather than latencies between outcomes.
This inversion from waiting times (i.e., latencies) to rates
allows the model to account for stimulus competition-
interference effects because rates of reinforcement associated
with different cues are assumed to summate; in contrast to
SET, RET considers outcome rates attributed to nontarget
discrete cues as well as background cues. Moreover, rein-
forcement rates are assumed to change continuously with ex-
posure to the cue or to the background stimuli in the absence
of as well as with the occurrence of the outcome, thereby ac-
counting for extinction as well as the CS-preexposure effect
and partial reinforcement.

A comparator model that does not focus exclusively on
timing is the comparator hypothesis of R. R. Miller and
Matzel (1988; also see Denniston, Savastano, & Miller,
2001). In this model, responding is also assumed to be di-
rectly related to the degree to which the target cue predicts the
outcome and inversely related to the degree to which back-
ground (discrete and contextual) cues present during training
of the cue predict the outcome. The down-modulating effect
of the background cues on acquired responding depends on
the similarity of the outcome (in all aspects, including tempo-
ral and spatial attributes) that these cues predict relative to the
outcome that the target cue predicts. Thus, this model (along
with contingency theory) brings to acquired responding the
principle of relativity that is seen in many other subfields
concerned with information processing by organisms (e.g.,
Fechner’s law, the marginal value theorem of economics,
contrast effects in motivational theory, the matching law
of behavioral choice as discussed in this chapter’s section
entitled “Instrumental Responding”). The timing expression-
focused models also emphasize relativity (so-called time-
scale invariance), but only in the temporal domain. The
comparator hypothesis accounts for both contingency degra-
dation and cue competition effects through links between the
cue and background stimuli (discrete and contextual) and
links between these background stimuli and the outcome.

Conditioned Inhibition. In all of the comparator mod-
els, a conditioned inhibitor is viewed as a stimulus that
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signals a reduction in the rate or probability of reinforcement
relative to the baseline occurrence of the reinforcer during
training in the absence of the cue. This position avoids the
theoretical quandary faced by the associative views of con-
ditioned inhibition concerning the representation of (a) no-
outcome, or (b) a below-zero expectation of the outcome.

Acquisition Rules. As previously stated (Acquisition-
Focused (Associative) Models), models of acquired behav-
ior must include both acquisition rules and response rules.
In contrast to acquisition-focused models, which generally
have simple response rules and leave accounts of behavioral
differences largely to differences in what is encoded during
training, expression-focused models have simple rules for
acquisition and rely on response rules for an account of
most behavioral differences. Thus, the attenuated respond-
ing to a target cue observed, for example, in a blocking or
contingency-degrading treatment is assumed to arise not
from a failure to encode the target cue-outcome pairings, but
rather from a failure to express this information in behavior.

Accounts of Retrospective Revaluation

In the section entitled “Retrospective Revaluation,” we
described retroactive revaluation of response potential, in
which, after training with a target cue in the presence of other
stimuli (discrete or contextual), treatment of the companion
stimuli (i.e., presentation of a companion stimulus with or
without the outcome) can alter responding to the target cue.
Examples include such mediational phenomena as sensory
preconditioning—in which the mediating stimulus is paired
with the outcome; see section entitled “Second-Order Condi-
tioning and Sensory Preconditioning”—and recovery from
overshadowing as a result of extinguishing the overshadow-
ing cue (e.g., Dickinson & Charnock, 1985; Kaufman &
Bolles, 1981; Matzel et al., 1985).

Expression-focused models that accommodate multiple
cues (e.g., the comparator hypothesis and RET) generally
have no difficulty accounting for retrospective revaluation
because new experience with a companion stimulus changes
its predictive value, and responding to the cue is usually as-
sumed to be inversely related to the response potential of
companion stimuli. Thus, a retrospective change in a cue’s
response potential does not represent new learning about the
absent cue, but rather new learning concerning the compan-
ion stimuli.

In contrast, empirical retrospective revaluation is prob-
lematic to most traditional acquisition-focused models. This
is because these models assume that responding reflects
the associative status of the target cue, which is generally

assumed not to change during retrospective revaluation trials
(on which the cue is absent). But given growing evidence of
empirical retrospective revaluation, several researchers have
proposed models that allow changes in the associative status
of a cue when it is absent. One of the first of these was a re-
vision of the Rescorla-Wagner (1972) model by Van Hamme
and Wasserman (1994), which allows changes in the associa-
tive strength of an absent target cue, provided that some
associate of the target cue was present. This simple modifica-
tion successfully accounts for most instances of retrospective
revaluation, but otherwise has the same failings and suc-
cesses as the Rescorla-Wagner model (see R. R. Miller et al.,
1995). An alternative associative approach to retrospective
revaluation is provided by Dickinson and Burke (1996), who
modified Wagner’s (1981) SOP model to allow new learning
about absent stimuli. As might be expected, the Dickinson
and Burke model has many of the same successes and prob-
lems as Wagner’s model (see section entitled “Where Have
the Models Taken Us?”). A notable problem for these asso-
ciative accounts of retrospective revaluation is that other
researchers have attempted to explain mediated learning
(e.g., sensory-preconditioning and mediated extinction) with
similar models, except that absent cues have an associability
of opposite sign than that assumed by Van Hamme and
Wasserman and by Dickinson and Burke (Hall, 1996;
Holland, 1981, 1983b). Without a principled rule for deciding
when mediation will be positive (e.g., second-order condi-
tioning) as opposed to negative (e.g., recovery from
overshadowing achieved through extinction of the overshad-
owing cue), there seems to be an arbitrariness to this
approach. In contrast, the expression-focused models unam-
biguously predict negative mediation (and fail to account for
positive mediation when it is observed). That is, a change in
the response potential of a companion stimulus is always
expected to be inversely related to the resulting change in the
response potential of the target cue.

Where Have the Models Taken Us?

As previously noted (in our discussion of acquisition-focused
models), theorists have been able to develop models of
acquired behavior that can potentially account for many
observations after the fact. Any specific model can, in princi-
ple, be refuted, but classes of models, such as the families of
acquisition-focused or expression-focused models, allow
nearly unlimited possibilities for future models within that
family (R. R. Miller & Escobar, 2001). If the goal is to deter-
mine precisely how the mind processes information at the psy-
chological level, contemporary theories of learning have not
been successful because viable post hoc alternatives are often
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possible and in retrospect may appear as plausible as the a
priori model that inspired the research.

Nevertheless, models have succeeded in stimulating
experiments that identify new empirical relationships. The
models most successful in this respect are often among the
least successful in actually accounting for behavioral change.
This is because a model stimulates research only to the extent
that it makes unambiguous predictions. Models with many
parameters and variables (e.g., McLaren & Mackintosh,
2000; Wagner, 1981) can be tuned post hoc to account for
almost any observation; hence, few attempts are made to test
such models, however plausible they might appear. In con-
trast, oversimplified models such as Rescorla and Wagner
(1972) make unambiguous predictions that can be tested,
with the result that the model is often refuted. For the fore-
seeable future, a dialectical path towards theory develop-
ment, in which relatively simple models are used to generate
predictions which, when refuted, lead to the development of
relatively complex models that are more difficult to test, is
likely to persist.

INSTRUMENTAL RESPONDING

This chapter has so far focused almost exclusively on
Pavlovian (i.e., stimulus-outcome) conditioning. By defini-
tion, in a Pavlovian situation the contingency between a
subject’s responding and an outcome is zero, but in many
situations outcomes are in fact dependent upon specific
responses. That is, behavior is sensitive to the contingency
between a response and an outcome. It is obvious that such
sensitivity is often adaptive. For example, a rat will quickly
learn to press a lever for food pellets; conversely, a child who
touches a hot stove will rarely do so again. A situation in
which an organism’s behavior changes after exposure to a re-
sponse-outcome contingency is termed instrumental condi-
tioning. After reviewing Thorndike’s early work on the law
of effect and some basic definitions, this section considers
research on instrumental conditioning from three different
perspectives: associationistic, functional, and ecological-
economic.

Law of Effect: What Is Learned?

Although the idea that rewards and punishments control be-
havior dates back to antiquity, the modern scientific study of
instrumental conditioning was begun by Thorndike (1898).
He placed hungry cats in so-called puzzle boxes in which the
animal had to perform a response (e.g., pulling a loop of cord)
in order to open a door and gain access to food. Over repeated

trials, he found that the time necessary to escape gradually
decreased. To explain this result, Thorndike (1911) proposed
the law of effect, which states that stimulus-response (S-R)
connections are strengthened by a “satisfying consequence”
that follows the response. Thus, the pairing of the cats’ escape
response with food increased the likelihood that the cats
would subsequently perform the response. Aversive conse-
quences have symmetric but opposite effects; S-R connec-
tions would be weakened if an “annoying consequence” (e.g.,
shock) followed a response. The law of effect represents the
most important empirical generalization of instrumental con-
ditioning, but its theoretical significance remains in dispute.
The three perspectives considered in this section (associa-
tionistic, functional, and ecological-economic) provide dif-
ferent interpretations of the law of effect.

The Three-Term Contingency

Unlike the contingencies used in Pavlovian conditioning,
which depend on two stimuli (the cue and outcome) scheduled
independently of the subjects’ behavior, the contingencies
considered here depend on the occurrence of a response. Such
contingencies are called instrumental (i.e., the subjects’ be-
havior is instrumental in producing the outcome) or operant
(i.e., the subjects’ behavior operates on the environment).
Because different stimuli can be used to signal particular con-
tingencies (i.e., illumination of a light above a lever signals
that a rat’s pressing the lever will result in the delivery of
food), the three-term contingency has been proposed as the
fundamental unit of instrumental behavior: In the presence of
a particular stimulus (discriminative stimulus), a response
produces an outcome (reinforcer; Skinner, 1969).

In an instrumental situation, the environmentally imposed
reinforcement contingency defines a response and, not sur-
prisingly, the frequency of that response ordinarily changes
in a functional manner. Instrumental behavior can sometimes
be dysfunctional (i.e., a different response is observed than
that defined by the functional contingency), but this is the
exception rather than the rule. When dysfunctional acquired
behavior is observed, it usually reflects a prevailing con-
tingency that is unusual to the subject’s ecological niche or
contrary to its prior experience. Two good examples of dys-
functional responding are vicious circle behavior (Gwinn,
1949) and negative automaintenance (D. R. Williams &
Williams, 1969). In the former case, a previously learned re-
sponse obstructs the subject from coming in contact with a
newly introduced contingency, and in the latter case the rein-
forcement contingency (reward omission) imposed by the
experiment is diametrically opposed by a species-specific
predisposition that is highly functional in the natural habitat.
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Such dysfunctional behaviors may provide models of select
instances of human psychopathology.

Instrumental Contingencies and Schedules
of Reinforcement

There are four basic types of instrumental contingencies,
depending on whether the response either produces or elimi-
nates the outcome and whether the outcome is of positive or
negative hedonic value. Positive reinforcement (i.e., reward)
is a contingency in which responding produces an outcome
with the result that there is an increase in response
frequency—for example, when a rat’s lever press results in
food presentation, or a student’s studying before an exam
produces an A grade. Punishment is a contingency in which
responding results in the occurrence of an aversive outcome
with the result that there is a decrease in response fre-
quency—for example, when a child is scolded for reaching
into the cookie jar or a rat’s lever press produces foot shock.
Omission (or positive punishment) describes a situation in
which responding cancels or prevents the occurrence of a
positive outcome with the result that there is a decrease in re-
sponse frequency. Finally, escape or avoidance conditioning
(also called negative reinforcement) is a contingency in
which responding leads to the termination of an ongoing or
prevention of an expected aversive stimulus with the result
that there is an increase in response frequency—for example,
if a rat’s lever presses cancel a scheduled shock. Both posi-
tive and negative reinforcement contingencies by definition
result in increased responding, whereas omission and punish-
ment-avoidance contingencies by definition lead to de-
creased responding. For various reasons, including obvious
ethical concerns, it is desirable whenever possible to use al-
ternatives to punishment for behavior modification. For this
reason and practical considerations, there has been an in-
creasing emphasis in the basic and applied research literature
on positive reinforcement; research on punishment and aver-
sive conditioning is not discussed here (for reviews, see
Ayres, 1998; Dinsmoor, 1998). 

A reinforcement schedule is a rule for determining
whether a particular response by a subject will be reinforced
(Ferster & Skinner, 1957). There are two criteria that
have been widely studied: the number of responses emitted
since the last reinforced response (ratio schedules), and the
time since the last reinforced response (interval schedules).
Use of these criteria provide for four basic schedules of rein-
forcement, which depend on whether the contingency is fixed
or variable: fixed interval (FI), fixed ratio (FR), variable in-
terval (VI), and variable ratio (VR). Under an FI x schedule,
the first response after x seconds have elapsed since the last

reinforcement is reinforced. After reinforcement there is typ-
ically a pause in responding, which then begins, increasing
slowly, and about two-thirds of the way through the interval
increases to a high rate (Schneider, 1969). The temporal con-
trol evidenced by FI performance has led to extensive use
of these schedules in research on timing (e.g., the peak pro-
cedure; Roberts, 1981). With an FR x schedule, the xth
response is reinforced. After a postreinforcement pause, re-
sponding begins and generally continues at a high rate until
reinforcement. When x is large enough, responding may
cease entirely with FR schedules (ratio strain; Ferster &
Skinner, 1957). Under a VI x schedule, the first response after
y seconds have elapsed is reinforced, where y is a value sam-
pled from a distribution that has an average of x seconds.
Typically, VI schedules generate steady, moderate rates of re-
sponding (Catania & Reynolds, 1968). When a VR x sched-
ule is arranged, the yth response is reinforced, where y is
a value sampled from a distribution with an arithmetic mean
of x. Variable ratio schedules maintain the highest overall
rates of responding of these four common schedule types,
even when rates of reinforcement are equated (e.g., Baum,
1993).

Reinforcement schedules have been a major focus of re-
search in instrumental conditioning (for review, see Zeiler,
1984). Representative questions include why VR schedules
maintain higher response rates than comparable VI schedules
(the answer seems to be that short interresponse times are re-
inforced under VR schedules; Cole, 1999), and whether
schedule effects are best understood in terms of momentary
changes in reinforcement probability or of the overall rela-
tionship between rates of responding and reinforcement (i.e.,
molecular vs. molar level of analysis; Baum, 1973). In addi-
tion, because of the stable, reliable behaviors they produce,
reinforcement schedules have been widely adopted for use in
related disciplines as baseline controls (e.g., behavioral phar-
macology, behavioral neuroscience). 

Comparing Pavlovian and Instrumental Conditioning

Many of the phenomena identified in Pavlovian conditioning
have instrumental counterparts. For example, the basic rela-
tions of acquisition as a result of response-outcome pairings
and extinction as a result of nonreinforcement of the re-
sponse, as well as spontaneous recovery from extinction, are
found in instrumental conditioning (see Dickinson, 1980;
R. R. Miller & Balaz, 1981, for more detailed comparisons).
Blocking and overshadowing may be obtained for instrumen-
tal responses (St. Claire-Smith, 1979; B. A. Williams, 1982).
Stimulus generalization and discrimination characterize in-
strumental conditioning (Guttman & Kalish, 1956). Temporal
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contiguity is important for instrumental conditioning; re-
sponse rate decreases rapidly as the response-reinforcer delay
increases, so long as an explicit stimulus does not fill the in-
terval (e.g., B. A. Williams, 1976). If a stimulus does fill the
interval, it may function as a conditioned reinforcer and
acquire reinforcing power in its own right (e.g., Schaal &
Branch, 1988; although under select conditions it can attenu-
ate [i.e., overshadow] the response, e.g., Pearce & Hall,
1978). This provides a parallel to second-order Pavlovian
conditioning. Latent learning, in which learning occurs in the
absence of explicit reinforcement (Tolman & Honzik, 1930),
is analogous to sensory preconditioning. Learned helpless-
ness, in which a subject first exposed to inescapable shock
later fails to learn an escape response (Maier & Seligman,
1976), provides a parallel to learned irrelevance. Instrumental
conditioning varies directly with the response-outcome con-
tingency (e.g., Hammond, 1980). Cue-response-consequence
specificity (Foree & LoLordo, 1975) is similar to cue-to-
consequence predispositions in Pavlovian conditioning (see
Predispositions on p. 371). Overall, the number of parallels
between Pavlovian and instrumental conditioning encourages
the view that an organism’s response can function like a stim-
ulus, and that learning fundamentally concerns the develop-
ment of associative links between mental representations of
events (responses and stimuli).

Associationistic Analyses of Instrumental Conditioning

Researchers have attempted to determine what kind of asso-
ciations are formed in instrumental conditioning situations.
From an associationistic perspective, the law of effect im-
plies that stimulus-response (S-R) associations are all that is
learned. However, this view was challenged by Tolman
(1932), who argued that S-R associations were insufficient
to account for instrumental conditioning. He advocated a
more cognitive approach in which the organism was as-
sumed to form expectancies about the relation between the
response and outcome. Contemporary research has con-
firmed and elaborated Tolman’s claim, showing that in addi-
tion to S-R associations, three other types of associations
are formed in instrumental conditioning: response-outcome,
stimulus-outcome, and hierarchical associations.

Response-Outcome Associations

Several studies using outcome devaluation procedures have
found evidence for response-outcome associations. For
example, Adams and Dickinson (1981) trained rats to press
a lever for one of two outcomes (food or sugar pellets,
counterbalanced across groups), while the other outcome was

delivered independently of responding (i.e., noncontingent).
After responding had been acquired, they devalued one of
the outcomes by pairing it with induced gastric distress. In
a subsequent extinction test, rats for which the response-
contingent outcome had been devalued responded less com-
pared with rats for which the noncontingent outcome had
been devalued. Because the outcomes were never presented
during testing, Adams and Dickinson argued that the differ-
ence in responding must have been mediated by learning of
the response-outcome contingency. However, substantial
residual responding was still observed for the groups with the
devalued contingent outcome, leading Dickinson (1994,
p. 52) to conclude that instrumental training “established
lever pressing partly as a goal-directed action, mediated by
knowledge of the instrumental relation, and partly as an S-R
habit impervious to outcome devalution.”

Stimulus-Outcome Associations

Evidence for (Pavlovian) stimulus-outcome (S-O) associ-
ations has been obtained in studies that have shown greater
transfer of stimulus control to a new response that has been
trained with the same outcome than with a different outcome.
Colwill and Rescorla (1988) trained rats to make a common
response (nose poking) in the presence of two different stim-
uli (light and noise). Nose poking produced different out-
comes, depending on the stimulus (food pellets or sucrose
solution, counterbalanced across groups). The rats were then
trained to make two new responses (lever press and chain
pull), each of which produced either food or sucrose. Finally,
a transfer test was conducted in which rats could choose be-
tween lever pressing and chain pulling in the presence of the
light and noise stimuli. Colwill and Rescorla found that the
response that led to the outcome signaled by the stimulus in
the original training with the nose-poke response occurred
more frequently during test. Thus, rats were more likely to
make whichever response led to the outcome that had been
experienced in the presence of the stimulus during the nose-
poke training, which suggests they had formed stimulus-
outcome associations during that training.

Hierarchical Associations

In addition to binary associations involving the stimulus, re-
sponse, and outcome, there is evidence that organisms en-
code a hierarchical association involving all three elements.
Rescorla (1991) trained rats to make two responses (lever
press and chain pull) for two different outcomes (food and su-
crose) in the presence of a stimulus (light or noise). Rats were
also trained with the opposite response-outcome relations in
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the presence of a different stimulus. Subsequently, one of
the outcomes was devalued by pairing with LiCl. The rats
were then given a test in which they could perform either re-
sponse in the presence of each of the stimuli. The result was
that responding was selectively suppressed; the response that
led to the devalued outcome in the presence of the particular
stimulus occurred less frequently. This result cannot be ex-
plained in terms of binary associations because individual
stimuli and responses were paired equally often with both
outcomes. It suggests that the rats had formed hierarchical
associations, which encoded each three-term contingency
[i.e., S – (R-O)]. Thus, the role of instrumental discrimina-
tive stimuli may be similar to occasion setters in Pavlovian
conditioning (Davidson, Aparicio, & Rescorla, 1988).

Incentive Learning

Associations between stimuli, responses, and outcomes may
comprise part of what is learned in instrumental condition-
ing, but clearly the organism must also be motivated to per-
form the response. Although motivation was an important
topic for the neobehaviorists of the 1930s and 1940s (e.g.,
Hull, 1943), the shift towards more cognitively oriented ex-
planations of behavior in the 1960s led to a relative neglect
of motivation. More recently, however, Dickinson and col-
leagues (see Dickinson & Balleine, 1994, for review) have
provided evidence that in some circumstances, subjects must
learn the incentive properties of outcomes in instrumental
conditioning.

For example, Balleine (1992) trained sated rats to press
a lever for a novel food item. Half of the rats were later
exposed to the novel food while hungry. Subsequently, an
extinction test was conducted in which half of the rats were
hungry (thus generating four groups, depending on whether
the rats had been preexposed to the novel food while hungry,
and whether they were hungry during the extinction test).
The results were that the rats given preexposure to the novel
food item while hungry and tested in a deprived state re-
sponded at the highest rate during the extinction test.
This suggests that exposure to the novel food while in the de-
prived state contributed to that food’s serving as an effective
reinforcer. However, Dickinson, Balleine, Watt, Gonzalez,
and Boakes (1995) found that the magnitude of the incentive
learning effect diminished when subjects received extended
instrumental training prior to test. Thus, motivational control
of behavior may change, depending on experience with the
instrumental contingency.

In summary, efforts to elucidate the nature of associative
structures underlying instrumental conditioning have found

evidence for all the possible binary associations (e.g., stimulus-
response, response-outcome, and stimulus-outcome), as well
as for a hierarchical association involving all three elements
(stimulus: response-outcome). Additionally, in some situa-
tions, whether an outcome has incentive value is apparently
learned. From this perspective, it seems reasonable to assume
that these associations are acquired in the same fashion as
stimulus-outcome associations in Pavlovian conditioning. In
this view, instrumental conditioning may be considered an
elaboration of fundamental associative processes.

Functional Analyses of Instrumental Conditioning

A second approach to instrumental conditioning is derived
from Skinner’s (1938) interpretation of the law of effect.
Rather than construe the law literally in terms of S-R connec-
tions, Skinner interpreted the law of effect to mean only that
response strength increases with reinforcement and decreases
with punishment. Exactly how response strength could be
measured thus became a major concern. Skinner (1938) de-
veloped an apparatus (i.e., experimental chambers called
Skinner boxes and cumulative recorders) that allowed the
passage of time as well as lever presses and reward deliveries
to be recorded. This allowed a shift in the dependent variable
from the probability of a response’s occurring on a particular
trial to the rate of that response over a sustained period of
time. Such procedures are sometimes called free-operant (as
opposed to discrete-trial). The ability to study intensively the
behavior of individual organisms has led researchers in the
Skinnerian tradition to emphasize molar rather than molecu-
lar measures of responding (i.e., response rate aggregated
over several sessions), to examine responding at stability
(i.e., asymptote) rather than during acquisition, and to use a
relatively small number of subjects in their research designs
(Sidman, 1960). This research tradition, often called the
experimental analysis of behavior, has led to an emphasis on
various formal arrangements for instrumental conditioning—
for example, reinforcement schedules and the export of tech-
nologies for effective behavior modification (e.g., Sulzer-
Azaroff & Mayer, 1991).

Choice and the Matching Law

Researchers have attempted to quantify the law of effect by
articulating the functional relationships between behavior
(measured as response rate) and parameters of reinforcement
(specifically, the rate, magnitude, delay, and probability of
reinforcement). The goal has been to obtain a quantitative
expression that summarizes these relationships and that is



Instrumental Responding 381

0
0 10

10

20

20

30

30

40

40

50

50

60

60

70

70

80

80

90

90

100

100

%
 R

E
SP

O
N

SE
S 

O
N

 K
E

Y
 A

% REINFORCEMENTS ON KEY A

055
231
641

Figure 13.2 The proportion of responses made to one of two keys as a
function of the reinforcers obtained on that key, for three pigeons responding
on concurrent VI, VI schedules. The diagonal line indicates perfect matching
(Equation 13.1). Source: From Herrnstein (1961). Copyright 1961 by the
Society for the Experimental Analysis of Behavior, Inc.

broadly applicable to a range of situations. Interestingly, this
pursuit has been inspired by research on choice—situations in
which more than one reinforced instrumental response is
available at the same time.

Four experimental procedures have figured prominently
in research on the quantitative determiners of instrumental
responding. In the single-schedule procedure, the subject
may make a specific response that produces a reinforcer ac-
cording to a given schedule. In concurrent schedules, two or
more schedules are available simultaneously and the subject is
free to allocate its behavior across the alternatives. In multiple
schedules, access to different reinforcement schedules occurs
successively, with each schedule signaled by a distinctive
(discriminative) stimulus. Finally, in the concurrent-chains
procedure (and a discrete-trial variant, the adjusting-delay
procedure), subjects choose between two discriminative stim-
uli that are correlated with different reinforcement schedules.

A seminal study by Herrnstein (1961) was the first para-
metric investigation of concurrent schedules. He arranged
two VI schedules in a Skinner box for pigeons, each schedule
associated with a separate manipulandum (i.e., plastic peck-
ing key). Reinforcement was a brief period (3 s) of access to
grain. Pigeons were given extensive training (often 30 or
more sessions) with a given pair of schedules (e.g., VI 1-min,
VI 3-min schedules) until response allocation was stable. The
schedules were then changed across a number of experimen-
tal conditions, such that the relative rate of reinforcement
provided by responding to the left and right keys was varied
while keeping constant the overall programmed reinforce-
ment rate (40/hr). Herrnstein found that the relative rate of re-
sponding to each key was approximately equal to the relative
rate of reinforcement associated with each key. His data,
shown in Figure 13.2, demonstrate what has come to be
known as the matching law:

� or alternatively stated �

(13.1)

In Equation 13.1, BL and BR are the number of responses
made to the left and right keys, and RL and RR are the rein-
forcements earned by responding at those keys. Although
Equation 13.1 might appear tautological, it is important to
note that the matching relation was not forced in Herrnstein’s
study, because responses substantially outnumbered rein-
forcers. Subsequent empirical support for the matching law
has been obtained with a variety of different species, re-
sponses, and reinforcers, and thus it may represent a general
principle of choice (for reviews, see Davison & McCarthy,
1988; B. A. Williams, 1988, 1994a). The matching law seems

RL�
RL � RR

BL�
BL � BR

RL�
RR

BL�
BR

to embody a relativistic law of effect: The relative strength
of an instrumental response depends on the relative rate of
reinforcement maintaining it, which parallels the relativism
evident in most expression-focused models of Pavlovian
conditioning (see this chapter’s section entitled, “Expression-
Focused Models”) and probability matching in the decision-
making literature.

Why Does Matching Occur?

Many investigators have accepted the matching relation as an
empirical rule for choice under concurrent VI-VI schedules.
An important goal, then, is to discover exactly why matching
should occur. Because an answer to this question might pro-
vide insight into the fundamental behavioral processes deter-
mining choice, testing different theories of matching has
been a vigorous topic of research over the past 35 years.

Shimp (1966, 1969) showed that if subjects always re-
sponded to the alternative with the immediate higher proba-
bility of reinforcement, then matching would be obtained.
According to his theory, called momentary maximizing,
responses should show a definite sequential dependence. The
reason is that both schedules run concurrently, so eventually
a response to the leaner alternative is more likely to be rein-
forced. For example, with concurrent Left Key VI 1-min,



382 Conditioning and Learning

Right Key VI 3-min schedules, a response sequence of LLLR
maximizes the likelihood that each response will be rein-
forced. To evaluate this prediction, Nevin (1969) arranged a
discrete-trials concurrent VI 1-min, VI 3-min procedure.
Matching to relative reinforcement rate was closely approxi-
mated, but the probability of a response to the lean (i.e., VI
3-min) schedule remained roughly constant as a function
of consecutive responses made to the rich schedule. Thus,
Nevin’s results demonstrate that matching can occur in the
absence of sequential dependency (see also Jones & Moore,
1999).

Other studies, however, obtained evidence of a local struc-
ture in time allocation consistent with a momentary maxi-
mizing strategy (e.g., Hinson & Staddon, 1983). Although
reasons for the presence or absence of this strategy are not yet
clear, B. A. Williams (1992) found that, in a discrete-trials
VI-VR procedure with rats as subjects, sequential dependen-
cies consistent with momentary maximizing were found with
short intertrial intervals (ITIs), but data that approximated
matching without sequential dependencies were found with
longer ITIs. The implication seems to be that organisms use a
maximizing strategy if possible, depending on the temporal
characteristics of the procedure; otherwise matching is
obtained.

A second explanation for matching in concurrent sched-
ules was offered by Rachlin, Green, Kagel, and Battalio
(1976). They proposed that matching was a by-product of
overall reinforcement rate maximization within a session.
According to Rachlin et al., organisms are sensitive to the
reinforcement obtained from both alternatives, and they dis-
tribute their responding so as to obtain the maximum overall
reinforcement rate. This proposal is called molar maximizing
because it assumes that matching is determined by an adap-
tive process that yields the outcome with the overall greatest
utility for the organism (see section in this chapter entitled
“Behavioral Economics”). In support of their view, Rachlin
et al. presented computer simulations demonstrating that the
behavior allocation yielding maximum overall reinforcement
rate coincided with matching for concurrent VI schedules
(cf. Heyman & Luce, 1979).

A large number of studies have evaluated predictions of
matching versus molar maximizing. Several studies have
arranged concurrent VI-VR schedules (e.g., Herrnstein &
Heyman, 1979). To optimize overall reinforcement rate on
concurrent VI-VR, subjects should spend most of their time
responding on the VR schedule, occasionally switching over
to the VI to obtain reinforcement. This implies that subjects
should show a strong bias towards the VR schedule. How-
ever, such a bias has typically not been found. Instead,

Herrnstein and Heyman (1979) reported that their subjects
approximately matched without maximizing. Similar data
with humans were reported by Savastano and Fantino (1994).
Proponents of molar maximizing (e.g., Rachlin, Battalio,
Kagel, & Green, 1981) have countered that Herrnstein and
Heyman’s results can be explained in terms of the value of
leisure time. When certain assumptions are made about the
value of leisure and temporal discounting of delayed rein-
forcers, it may be difficult, if not impossible, to determine
whether matching is fundamental or a by-product of imper-
fect maximizing (Rachlin, Green, & Tormey, 1988). 

A recent experiment by Heyman and Tanz (1995) shows
that under appropriate conditions, both matching and molar
maximizing may characterize choice. In their experiment,
pigeons were exposed to a concurrent-schedules procedure
in which the overall rate of reinforcement depended on the
response allocation in the recent past (last 360 responses).
Heyman and Tanz found that when no stimuli were differen-
tially correlated with overall reinforcement rates, the pigeons
approximately matched rather than maximized. However,
when the color of the chamber house-light signaled when re-
sponse allocation was increasing the reinforcement rate, the
pigeons maximized, deviating from matching apparently
without limit. In other words, when provided with an ana-
logue instructional cue, the pigeons maximized. Heyman and
Tanz’s results strongly suggest that organisms maximize
when they are able to do so, but match when they are not, im-
plying that maximizing and matching are complementary
rather than contradictory accounts of choice.

A third theory of matching, melioration, was proposed by
Herrnstein and Vaughan (1980). The basic idea of meliora-
tion (meaning to make better) is that organisms switch their
preference to whichever alternative provides the higher local
reinforcement rate (i.e., the number of reinforcers earned di-
vided by the time spent responding at the alternative). Be-
cause the local reinforcement rates change depending on how
much time is allocated to the alternatives, matching is even-
tually obtained when the local reinforcement rates are equal.
Although the time window over which local reinforcement
rates are determined is left unspecified, it is understood to be
a relatively brief duration (e.g., 4 min; Vaughan, 1981). Thus,
melioration occupies essentially an intermediate level be-
tween momentary and molar maximizing in terms of the time
scale over which the variable determining choice is calcu-
lated. Applications of melioration to human decision making
have been particularly fruitful. For example, Herrnstein and
Prelec (1992) proposed a model for drug addiction based on
melioration, which has been elaborated by Heyman (1996)
and Rachlin (1997).
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Several studies have attempted to test the prediction of
melioration that local reinforcement rates determine prefer-
ence by arranging two pairs of concurrent schedules within
each session and then testing preference for stimuli between
pairs from different concurrent schedules in probe tests. For
example, B. A. Williams and Royalty (1989) conducted
several experiments in which probes compared stimuli corre-
lated with different local and overall reinforcement rates.
However, they found that the overall, not local, reinforce-
ment rates correlated with stimuli-determined preference in
the probes. In a similar study, Belke (1992) arranged a pro-
cedure with VI 20-s, VI 40-s schedules in one component
and VI 40-s, VI 80-s schedules in the other component.
After baseline training, pigeons’ preference approximately
matched relative reinforcement rate in both components (i.e.,
a 2 : 1 ratio). Belke then presented the two VI 40-s stimuli
together in occasional choice probes. The pigeons demon-
strated a strong (4 : 1) preference for the VI 40-s stimulus
paired with the VI 80-s. This result is contrary to the predic-
tions of melioration, because the VI 40-s paired with VI 20-s
is correlated with a greater local reinforcement rate (see also
Gibbon, 1995). 

Gallistel and Gibbon (2000) have argued that the results of
Belke (1992) pose a serious challenge not only to meliora-
tion, but also to the matching law as empirical support for the
law of effect. They described a model for instrumental choice
that was based on Gibbon (1995; see also Mark & Gallistel,
1994). According to their model, pigeons learn the interrein-
forcement intervals for responding on each alternative and
store these intervals in memory. Decisions to switch from one
alternative to another are made by a sample-and-comparison
process that operates on the stored intervals. They showed
that their model could predict Belke’s (1992) and Gibbon’s
(1995) probe results. However, these data may not be deci-
sive evidence against melioration, or indeed against any the-
ory of matching. According to Gallistel and Gibbon, when
separately trained stimuli are paired in choice probes, the
same changeover patterns that were established in baseline
training to particular stimuli are carried over. If carryover of
baseline can account for probe preference, then the probes
provide no new information beyond baseline responding. The
implication is that any theory that can account for matching
in baseline can potentially explain the probe results of Belke
(1992) and Gibbon (1995). 

Extensions of the Matching Law

Generalized Matching. Since Herrnstein’s (1961) orig-
inal study, the matching law has been extended in several

ways to provide a quantitative framework for describing data
from various procedures. Baum (1974) noted that some devi-
ations from the strict equality of response and reinforcement
ratios required by the matching law could be described by
Equation 13.2, a power function generalization of Equa-
tion 13.1:

� b� 	
a

(13.2)

Equation 13.2 is known as the generalized matching
law. There are two parameters: bias (b), which represents a
constant proportionality in responding unrelated to rein-
forcement rate (e.g., position preference); and an exponent
(a), which represents sensitivity to reinforcement rate. Typi-
cally, a logarithmic transformation of Equation 13.2 is used,
resulting in a linear relation in which sensitivity and bias
correspond to the slope and intercept, respectively. Baum
(1979) reviewed over 100 data sets and found that the gener-
alized matching law commonly accounted for over 90% of
the variance in behavior allocation (for a review of compara-
ble human research, see Kollins, Newland, & Critchfield,
1997). Thus, in the generalized form represented in Equation
13.2, the matching law provides an excellent description of
choice in concurrent schedules. Although undermatching
(i.e., a < 1) is the most common result, this may result from
a variety of factors, including imperfect discriminability of
the contingencies (Davison & Jenkins, 1985).

Matching in Single and Multiple Schedules. If the law
of effect is a general principle of behavior, and the matching
law is a quantitative expression of the law of effect, then the
matching principle should apply to situations other than con-
current schedules. Herrnstein (1970) proposed an extension
of the matching law that applied to single and multiple
schedules. His starting point was Catania and Reynolds’
(1968) data showing that response rate was an increasing,
negatively accelerated function of reinforcement rate on
single VI schedules (see Figure 13.3).

Herrnstein (1970) reasoned that when a single schedule
was arranged, a variety of behaviors other than the target
response were available to the organism (e.g., grooming, pac-
ing, defecating, contemplation). Presumably, these so-called
extraneous behaviors were maintained by extraneous (i.e.,
unmeasured) reinforcers. Herrnstein then made two assump-
tions: (a) that the total amount of behavior in any situation
was constant—that is, the frequencies of target and extrane-
ous behaviors varied inversely; and (b) that “all behavior is
choice” and obeys the matching law. The first assumption
implies that the target and extraneous response rates sum to a
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constant (B + Be =  k), and are maintained by rates of sched-
uled and extraneous reinforcement (R and Re), respectively.
Based on the second assumption,

� ⇒ B � (13.3)

Equation 13.3 defines a hyperbola, with two parameters, k
and Re. The denominator represents the context of reinforce-
ment for a particular response—the total amount of rein-
forcement in the situation. De Villiers and Herrnstein (1976)
fit Equation 13.3 to a large number of data sets and found that
it generally gave an excellent description of response rates
under VI schedules. Subsequent research has generally con-
firmed the hyperbolic relation between response rate and
reinforcement rate, although lower-than-predicted response
rates are sometimes observed at very high reinforcement
rates (Baum, 1993). In addition, Equation 13.3 has been
derived from a number of different theoretical perspectives
(Killeen, 1994; McDowell & Kessel, 1979; Staddon, 1977). 

Herrnstein (1970) also developed a version of the match-
ing law that was applicable to multiple schedules. In a multi-
ple schedule, access to two (or more) different schedules
occur successively and are signaled by discriminative stim-
uli. A well-known result in multiple schedules is behavioral
contrast: Response rate in a component that provides a con-
stant rate of reinforcement varies inversely with the rein-
forcement rate in the other component (see B. A. Williams,
1983, for review). Herrnstein suggested that the reinforce-
ment rate in the alternative component served as part of
the reinforcement context for behavior in the constant

kR
�
R � Re

R
�
R � Re

B
�
B � Be

component. However, the contribution of alternative compo-
nent reinforcement was attenuated by a parameter (m), which
describes the degree of interaction at a temporal distance,

B1 � (13.4)

with subscripts referring to the components of the multiple
schedule. Equation 13.4 correctly predicts most behavioral
contrast, but has difficulties with some other phenomena (see
McLean & White, 1983, for review). Alternative models for
multiple-schedule performance also based on the matching
law have been proposed that alleviate these problems
(McLean, 1995; McLean & White, 1983; B. A. Williams &
Wixted, 1986).

Matching to Relative Value. The effects of variables
other than reinforcement rate were examined in several early
studies, which found that response allocation in concurrent
schedules obeyed the matching relation when magnitude
(i.e., seconds of access to food; Catania, 1963) and delay of
reinforcement (Chung & Herrnstein, 1967) were varied.
Baum and Rachlin (1969) then proposed that the matching
law might apply most generally to reinforcement value, with
value being defined as a multiplicative combination of rein-
forcement parameters,

� � � � (13.5)

with M being reinforcement magnitude, D being delay, and V
being value.

Equation 13.5 represents a significant extension of the
matching law, enabling it to apply to a broader range of
choice situations (note that frequently a generalized version
of Equation 13.5 with exponents, analogous to Equa-
tion 13.2, has been used here; e.g., Logue, Rodriguez, Pena-
Correal, & Mauro, 1984). One of the most important of these
is self-control, which has been a major focus of research
because of its obvious relevance for human behavior. In a
self-control situation, subjects are confronted with a choice
between a small reinforcer available immediately (or after a
short delay), and a larger reinforcer available after a longer
delay. Typically, overall reinforcement gain is maximized by
choosing the delayed, larger reinforcer, which is defined as
self-control (Rachlin & Green, 1972; see Rachlin, 1995, for
review). By contrast, choice of the smaller, less delayed rein-
forcer is termed impulsivity. For example, if pigeons are
given a choice between a small reinforcer (2-s access to
grain) delayed by 1 s or a large reinforcer (6-s access to grain)
delayed by 6 s, then Equation 13.5 predicts that 67% of
the choice responses will be for the small reinforcer (i.e., the
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Figure 13.3 Response rate as a function of reinforcement rate for six
pigeons responding under VI schedules. The numbers in each panel are the
estimates of k and Re for fits of Equation 13.3. Source: From Herrnstein
(1970).
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6:1 delay ratio is greater than the 2:6 magnitude ratio). How-
ever, if the delays to both the small and large reinforcers are
increased by the same amount, then Equation 13.5 predicts a
reversal of preference. For example, if the delays are both in-
creased by 10 s, then predicted preference for the small rein-
forcer is only 33% (16:11 delay ratio is no longer enough to
compensate for the 2:6 magnitude ratio). Empirical support
for such preference reversals has been obtained in studies of
both human and nonhuman choice (Green & Snyderman,
1980; Kirby & Herrnstein, 1995). These data suggest that
the temporal discounting function—that is, the function that
relates the value of a reward to its delay—is not exponential,
as assumed by normative economic theory, but rather hyper-
bolic in form (Myerson & Green, 1995).

Choice Between Stimuli of Acquired Value

Concurrent Chains. A more complex procedure that has
been widely used in research on choice is concurrent chains,
which is a version of concurrent schedules in which re-
sponses are reinforced not by food but by stimuli that are
correlated with different schedules of food reinforcement. In
concurrent chains, subjects respond during a choice phase
(initial links) to obtain access to one of two reinforcement
schedules (terminal links). The stimuli that signal the onset of
the terminal links are analogous to Pavlovian CSs and are
often called conditioned reinforcers, as their potential to
reinforce initial-link responding derives from a history of
pairing with food. Conditioned reinforcement has been a
topic of long-standing interest because it is recognized that
many of the reinforcers that maintain human behavior (e.g.,
money) are not of inherent biological significance (see B. A.
Williams, 1994b, for review). Preference in the initial links of
concurrent chains is interpreted as a measure of the relative
value of the schedules signaled by the terminal links.

Herrnstein (1964) found that ratios of initial-link response
rates matched the ratios of reinforcement rates in the terminal
links, suggesting that the matching law might be extended to
concurrent chains. However, subsequent studies showed that
the overall duration of the initial and terminal links—the tem-
poral context of reinforcement—affected preference in ways
not predicted by the matching law. To account for these data,
Fantino (1969) proposed the delay-reduction hypothesis,
which states that the effectiveness of a terminal-link stimulus
as a conditioned reinforcer depends on the reduction in delay
to reinforcement signaled by the terminal link. According to
Fantino’s model, the value of a stimulus depends inversely on
the reinforcement context in which it occurs (i.e., value is
enhanced by a lean context, and vice versa). Fantino (1977)
showed that the delay-reduction hypothesis provided an

excellent qualitative account of preference in concurrent
chains. Moreover, there is considerable evidence for the gen-
erality of the temporal context effects predicted by the model,
as shown by the delay-reduction hypothesis’s having been
extended to a variety of different situations (see Fantino,
Preston, & Dunn, 1993, for a review).

Preference for Variability, Temporal Discounting, and
the Adjusting-Delay Procedure. Studies with pigeons and
rats have consistently found evidence of preference for vari-
ability in reinforcement delays: Subjects prefer a VI terminal
link in concurrent chains over an FI terminal link that pro-
vides the same average reinforcement rate. This implies that
animals are risk-prone when choosing between different rein-
forcement delays (e.g., Killeen, 1968). Interestingly, when
given a choice between a variable or fixed amount of food,
animals are often risk-averse, although this preference ap-
pears to be modulated by deprivation level as predicted by
risk-sensitive foraging theory from behavioral ecology (see
Kacelnik & Bateson, 1996, for a review). For example,
Caraco, Martindale, and Whittam (1980) found that juncos’
preference for a variable versus constant number of seeds in-
creased when food deprivation was greater.

Mazur (1984) introduced an adjusting-delay procedure
that has become widely used to study preference for variabil-
ity. His procedure is similar to concurrent chains in that the
subject chooses between two stimuli that are correlated with
different delays to reward, but the dependent variable is an
indifference point—a delay to reinforcement that is equally
preferred to a particular schedule. Mazur determined fixed-
delay indifference points for a series of variable-delay sched-
ules, and found that the following model (Equation 13.6)
gave an excellent account of his results: 

V � �
n

i�1
(13.6)

In Equation 13.6, V is the conditioned value of the stimulus
that signals a delay to reinforcement, d1, . . . , dn, and K is a
sensitivity parameter. Equation 13.6 is called the hyperbolic-
decay model because it assumes that the value of a delayed
reinforcer decreases according to a hyperbola (see Fig-
ure 13.4). The hyperbolic-decay model has become the lead-
ing behavioral model of temporal discounting, and has been
extensively applied to human choice between delayed re-
wards (e.g., Kirby, 1997).

General Models for Choice

Recently, several general models for choice have been pro-
posed. These models may be viewed as extensions of the
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Figure 13.4 Hyperbolic discounting function. This figure shows how the value of a re-
ward (in arbitrary units) decreases as a function of delay according to the Mazur’s (1984)
hyperbolic-decay model (Equation 13.6, with K = 0.2).

matching law, and they are integrative in the sense that they
provide a quantitative description of data from a variety of
choice procedures. Determining the optimal choice model
may have important implications for a variety of issues, in-
cluding how conditioned value is influenced by parameters of
reinforcement, as well as the nature of the temporal discount-
ing function. 

Grace (1994, 1996) showed how the temporal context ef-
fects predicted by Fantino’s delay-reduction theory could be
incorporated in an extension of the generalized matching law.
His contextual choice model can describe choice in concur-
rent schedules, concurrent chains, and the adjusting-delay
procedure, on average accounting for over 90% of the vari-
ance in data from these procedures. The success of Grace’s
model as applied to the nonhuman-choice data suggests that
temporal discounting may be best described in terms of a
model with a power function component; moreover, such a
model accounts for representative human data at least as well
as the hyperbolic-decay model does (Grace, 1999). However,
Mazur (2001) has recently proposed an alternative model
based on the hyperbolic-decay model. Mazur’s hyperbolic
value-addition model is based on a principle similar to delay-
reduction theory, and it provides an account of the data of
comparable accuracy to that of Grace’s model. Future re-
search will determine which of these models (or whether an
entirely different model) provides the best overall account of
behavioral choice and temporal discounting. 

Resistance to Change: An Alternative View 
of Response Strength

Although response rate has long been considered the standard
measure of the strength of an instrumental response, it is not

without potential problems. Response strength represents the
product of the conditioning process. In terms of the law of ef-
fect, it should vary directly with parameters that correspond to
intuitive notions of hedonic value. For example, response
strength should be a positive function of reinforcement mag-
nitude. However, studies have found that response rate often
decreases with increases in magnitude (Bonem & Crossman,
1988). In light of this and other difficulties, researchers have
sought other measures of response strength that are more con-
sistently related to intuitive parameters of reinforcement.

One such alternative measure is resistance to change.
Nevin (1974) conducted several experiments in which pi-
geons responded in multiple schedules. After baseline train-
ing, he disrupted responding in both components by either
home-cage prefeeding or extinction. He found that respond-
ing in the component that provided the relatively richer
reinforcement—in terms of greater rate, magnitude, or imme-
diacy of reinforcement—decreased less compared with base-
line responding for that component than did responding in the
leaner component. Based on these results and others, Nevin
and his colleagues have proposed behavioral momentum the-
ory, which holds that resistance to change and response rate
are independent aspects of behavior analogous to mass and
velocity in classical physics (Nevin, Mandell, & Atak, 1983).
According to this theory, reinforcement increases a mass-like
aspect of behavior which can be measured as resistance to
change.

From a procedural standpoint, the components in multiple
schedules resemble terminal links in concurrent chains be-
cause differential conditions of reinforcement are signaled by
distinctive stimuli and are available successively. Moreover,
the same variables (e.g., reinforcement rate, magnitude, and
immediacy) that increase resistance to change also increase
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preference in concurrent chains (Nevin, 1979). Nevin and
Grace (2000) proposed an extension of behavioral momen-
tum theory in which behavioral mass (measured as resistance
to change) and value (measured as preference in concurrent
chains) are different expressions of a single construct repre-
senting the reinforcement history signaled by a particular
stimulus. Their model describes how stimulus-reinforcer
(i.e., Pavlovian) contingencies determine the strength of an
instrumental response, measured as resistance to change.
Thus, it complements Herrnstein’s (1970) quantitative law of
effect, which describes how response strength measured as
response rate depends on response-reinforcer (i.e., instru-
mental) contingencies.

Ecological-Economic Analyses of
Instrumental Conditioning

A third approach towards the study of instrumental behavior
was inspired by criticisms of the apparent circularity of the
law of effect: If a reinforcer is identified solely through its
effects on behavior, then there is no way to predict in advance
what outcomes will serve as reinforcers (Postman, 1947).
Meehl (1950) suggested that this difficulty could be overcome
if reinforcers were transsituational; an outcome identified as a
reinforcer in one situation should also act as a reinforcer in
other situations. However, Premack (1965) demonstrated ex-
perimentally that transsituationality could be violated. Cen-
tral to Premack’s analysis is the identification of the reinforcer
with the consummatory response, and the importance of ob-
taining a free-operant baseline measure of allocation among
different responses. His results led to several important recon-
ceptualizations of instrumental behavior, which emphasize
the wider ecological or economic context of reinforcement in
which responding—both instrumental (e.g., lever press) and
contingent (e.g., eating)—occurs. According to this view, re-
inforcement is considered to be a molar adaptation to the con-
straints imposed by the instrumental contingency, rather than
a molecular strengthening process as implied by the law of ef-
fect. Two examples of such reconceptualizations are behavior
regulation theory and behavioral economics.

Behavior Regulation

Timberlake and Allison (1974) noted that the increase in
responding associated with reinforcement occurred only if
the instrumental contingency required that the animal per-
form more of the instrumental response in order to restore the
level of the contingent (consummatory) response to baseline
levels. For example, consider a situation in which a rat is
allowed free access to a running wheel and drinking tube

during baseline. After recording the time allocated to these
activities when both were freely available, a contingency is
imposed such that running and drinking must occur in a fixed
proportion (e.g., 30 s of running gives access to a brief period
of drinking). If the rat continued to perform both responses at
baseline levels, it would spend far less time drinking—a con-
dition Timberlake and Allison (1974) termed response depri-
vation. Because of the obvious physiological importance of
water intake, the solution is for the rat to increase its rate of
wheel running so as to maintain, as far as possible, its base-
line level of drinking. Thus, reinforcement is viewed as an
adaptive response to environmental constraint. 

According to behavior regulation theory (Timberlake,
1984), there is an ideal combination of activities in any given
situation, which can be assessed by an organism’s baseline al-
location of time across all possible responses. The allocation
defines a set point in a behavior space. The determiners of set
points may be complex and depend on the feeding ecology of
the particular species (e.g., Collier, Hirsch, & Hamlin, 1972).
The effect of the instrumental contingency is to constrain the
possible allocations in the behavior space. For example, the
reciprocal ratio contingency between running and drinking
previously described implies that the locus of possible alloca-
tions is a straight line in the two-dimensional behavior space
(i.e., running and drinking). If the set point is no longer possi-
ble under the contingency, the organism adjusts its behavior
so as to minimize the distance between obtained allocation
and the set point. Similar regulatory theories have been pro-
posed by Allison, Miller, and Wozny (1979), Staddon (1979),
and Rachlin and Burkhard (1978). Although regulatory theo-
ries have been very successful at describing instrumental
performance at the molar level, they have proven somewhat
controversial. For example, the critical role of deviations from
the set point seems to imply that organisms are able to keep
track of potentially thousands of different responses made
during the session, and able to adjust their allocation accord-
ingly. Opponents of regulatory theories (e.g., see commen-
taries following Timberlake, 1984) claim this is unlikely and
that the effects of reinforcement are better understood at a
more molecular level. Perhaps the most likely outcome of this
debate is that molar and molecular accounts of instrumental
behavior will prove complementary, not contradictory.

Behavioral Economics

An alternative interpretation of set points is that they repre-
sent the combination of activities with the highest subjective
value or utility to the organism (e.g., so-called bliss points).
One of the fundamental assumptions of economic choice
theory is that humans maximize utility when allocating their
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resources among various commodities. Thus, perhaps it is not
surprising that economics would prove relevant for the study
of instrumental behavior. Indeed, over the last 25 years re-
searchers have systematically applied the concepts of micro-
economic theory to laboratory experiments with both human
and nonhuman subjects. The result has been the burgeoning
field of behavioral economics (for review, see Green &
Freed, 1998). Here, we consider the application of two im-
portant economic concepts—demand and substitutability—
to instrumental behavior. 

Demand. In economics, demand is the amount of a
commodity that is purchased at a given price. The extent to
which consumption changes as a function of price is a de-
mand curve. When consumption of a particular commodity
shows little or no change when its price is increased, demand
is said to be inelastic. Conversely, elastic demand refers to a
situation in which consumption falls with increases in price.
Researchers have studied elasticity of demand in nonhumans
by manipulating price in terms of reinforcement schedules.
For instance, if rats’ lever pressing is reinforced with food
according to an FR 10 schedule, changing the schedule to
FR 100 represents an increase in price. 

For example, Hursh and Natelson (1981) trained rats to
press a lever for food reinforcement; a second lever was also
available that produced a train of pulses to electrodes im-
planted in the lateral hypothalamus (ESB). Responses to
both levers were reinforced by concurrent (and equal) VI, VI
schedules. As the VI schedule values were increased, con-
sumption of food remained constant, whereas the number
of ESB reinforcers earned decreased dramatically (see Fig-
ure 13.5). Thus, demand for food was inelastic, whereas

demand for ESB was highly elastic. In economic terms, dif-
ferences in elasticity can be used to identify necessities (i.e.,
food) and luxuries (i.e., ESB).

Substitutability. Another concept from economics that
has proven useful for understanding instrumental behavior is
substitutability. In Herrnstein’s (1961) original research lead-
ing to the matching law and in many subsequent studies (see
this chapter’s section titled “Choice and the Matching Law”),
the reinforcers delivered by the concurrently available alter-
natives were identical and therefore perfectly substitutable.
However, organisms must often choose between alternatives
that are qualitatively different and perhaps not substitutable.
In economics, substitutability is assessed by determining
how the consumption of a given commodity changes when
the price of another commodity is increased. To the extent
that the commodities are substitutable, consumption should
increase. For example, Rachlin et al. (1976) trained rats to
press two levers for liquid reinforcement (root beer, or a non-
alcoholic Tom Collins mix) on concurrent FR 1, FR 1 sched-
ules. Rats were given a budget of 300 lever presses that they
could allocate to either lever. Baseline consumption for one
rat is shown in the left panel of Figure 13.6, together with the
budget line (heavy line) indicating the possible range of
choices that the rat could make. Rachlin et al. then doubled
the price of root beer (by reducing the amount of liquid per
reinforcer) while cutting the price of the Tom Collins mix in
half (by increasing the amount). Simultaneously they in-
creased the budget of lever presses so that rats could still ob-
tain the same quantity of each reinforcer as in baseline. Under
these conditions, the rats increased their consumption of Tom
Collins mix relative to root beer. Next, the investigators cut
the price of root beer in half and doubled the price of Tom
Collins mix, and the rats increased consumption of root beer.
This shows that root beer and Tom Collins mix were highly
substitutable as reinforcers; rats’ choice shifted towards
whichever commodity was cheaper. In a second baseline con-
dition, the rats chose between food and water. Rachlin et al.
then increased the price of food by 67% by reducing the num-
ber of pellets per reinforcer. Again the budget of lever presses
was increased so that the rats could continue to earn the same
quantities as in baseline. However, as the right panel of Fig-
ure 13.6 shows, increasing the price of food had little effect
on consumption. Although water was now relatively cheaper,
the rats continued to earn approximately the same amount of
food, demonstrating that food and water are nonsubstitutable
as reinforcers. Thus, the concept of substitutability is useful
for understanding choice between qualitatively different rein-
forcers, as it helps to specify how allocation will shift when
the instrumental contingencies (i.e., prices) are changed. 

Figure 13.5 Number of food (square) and ESB (diamond) reinforcers
earned per day by rats responding under concurrent (and equal) VI, VI
schedules. Consumption of ESB reinforcers decrease as schedule values
increase, indicating elastic demand. In contrast, number of food reinforcers
remains approximately constant, showing inelastic demand. Source: After
Hursh and Natelson (1981).
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Figure 13.6 The left panel shows consumption of root beer and Tom Collins mix for one rat given a budget of 300 lever presses in baseline (square). When the
price of root beer or Tom Collins mix was changed, consumption shifted towards the now-cheaper commodity, demonstrating that the outcomes were substi-
tutable. The right panel shows results for the same rat’s choosing between food and water reinforcers. In contrast, a price manipulation had little effect on con-
sumption, demonstrating that food and water were nonsubstitutable. See text for more explanation. Source: After Rachlin et al. (1976).

Summary

As noted in the introduction to this section, Thorndike’s pio-
neering studies with cats in puzzle boxes were the first system-
atic investigation of instrumental conditioning. Research on
instrumental conditioning since then may be viewed as attempts
to understand the empirical generalization of positive reinforce-
ment that Thorndike expressed as the law of effect. The associ-
ationistic tradition (see this chapter’s section titled “Associative
Analyses of Instrumental Conditioning”) describes the content
of learning in instrumental situations in terms of associations
that develop according to similar processes as Pavlovian
conditioning. The experimental analysis of behavior (see this
chapter’s section titled “Functional Analyses of Instrumental
Conditioning”), derived from the work of B. F. Skinner, repre-
sents a more functional approach and attempts to describe the
relations between behavior and its environmental determiners,
often in quantitative terms. A third perspective is offered by
research that has emphasized the importance of the wider eco-
logical or economic context of the organism for understanding
instrumental responding (see this chapter’s section titled
“Ecological-Economic Analyses of Instrumental Condition-
ing”). These research traditions illuminate different aspects of
instrumental behavior and demonstrate the richness and contin-
ued relevance of the apparently simple contingencies first
studied by Thorndike over a century ago.

CONCLUSIONS

The study of learning and conditioning—basic information
processing—is less in the mainstream of psychology today
than it was 30–50 years ago. Yet progress continues, and

there are unanswered questions of considerable importance to
many other endeavors, including treatment of psychopathol-
ogy (particularly behavior modification), behavioral neuro-
science, and education, to name but a few. New animal
models of psychopathology are the starting points of most
new forms of therapeutic psychopharmacology. In behavioral
neuroscience, researchers are attempting to identify the
neural substrates of behavior. Surely this task demands an ac-
curate description of the behavior to be explained. Thus, the
study of basic behavior sets the agenda for much of neuro-
science. Additionally, the study of basic learning and infor-
mation processing has many messages for educators. For
example, research has repeatedly demonstrated that distractor
events, changes in context during training, and spacing of
training trials all attenuate the rate at which behavior is ini-
tially altered (e.g., see chapter by Johnson in this volume).
But these very procedures also result in improved retention
over time and better transfer to new test situations. These are
but a few of the continuing contributions stemming from the
ongoing investigation of the principles of learning and basic
information processing.
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