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Fort Collins, CO 80523 USA

Abstract

Recent studies suggest that participants commonly abstract
rules when learning concepts, but a remaining question is
whether they retain and apply knowledge of individual in-
stances subsequent to rule abstraction. Research in the cate-
gory learning domain indicates that exemplar information is
retained and that exceptions to a category rule have special
status in memory (Palmeri & Nosofsky, 1995). The present
experiment examines whether these findings extend to func-
tion learning. Participants learned associations between
stimulus and response magnitudes that were related according
to a negative linear function. Twelve stimulus-response pairs
were given, some consistent with the negative linear rule,
others exceptions to the rule. After each of six training ses-
sions, previously studied stimulus magnitudes were presented
as tests of learning accuracy. Participants were also given ex-
trapolation trials followed by a final recognition test that in-
cluded old and new rule-congruent and rule-incongruent
items. Extrapolation was extensive. In addition, analyses re-
vealed poorer learning and recognition for exceptions than for
rule-congruent items, plus a high rate of false alarms for new
rule-congruent items. These findings suggest that although
the conceptual knowledge acquired in function learning tasks
centers on rules, exceptions to these rules do not have special
status in memory.

Introduction

In the spirit of classic hypothesis-testing models of classifi-
cation learning (e.g., Bower & Trabasso, 1963; Levine,
1975; Restle, 1962), contemporary theories have revitalized
the idea that conceptual behavior is based on the abstraction
and application of rules. Recent rule-based models devel-
oped by Nosofsky, Palmeri, and McKinley (1994) and De-
Losh, Busemeyer, and McDaniel (1997) have been success-
ful in accounting for a variety of data in the category and
function learning domains, respectively. Both models pro-
pose that conceptual behavior reflects the joint influence of
exemplar and rule-based processes. This emerging theoreti-
cal approach begs the following empirical questions: In
what way do rules and exemplars jointly contribute to con-
ceptual behavior? Are individual instances learned and re-
trieved subsequent to rule abstraction? Is conceptual be-
havior characterized by individual differences in the use of
rules versus exemplars? The present experiment considers
these issues as they apply to the function learning domain.

Rule Abstraction in Function Learning

Functions are abstract concepts that characterize the rela-
tionship between two causal variables. A function maps a
set of input values on a stimulus continuum into a set of
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output values on a response continuum such that each input
value is assigned only one output value. In a typical function
learning task, input and output dimensions are related ac-
cording to a simple mathematical function. Learning occurs
on a trial-by-trial basis through experience with individual
input-output pairs. In DeLosh et al. (1997), for example,
participants learned associations between drug dosages and
the magnitude of clinical effect caused by those dosages.
The dosage-effect relationship was either linear, exponen-
tial, or quadratic. On each learning trial, a drug dosage was
represented on a computer monitor as a bar length. Partici-
pants then predicted the magnitude of effect for that dosage
by changing the length of a second bar. Then they were
shown the “correct” magnitude of effect (represented by a
third bar) as defined by the objective function. Numerous
trials of this type were given, such that each of many dos-
age-effect pairs was presented several times.

Learning in this type of task potentially involves memory
for specific input-output pairs, abstraction of relational in-
formation pertaining to the input and output dimensions, or
some combination of these processes. DeLosh et al. (1997)
examined these possibilities by presenting a series of ex-
trapolation tests. Participants were given new dosage values
outside the range of those given during learning. They re-
sponded to these extrapolation stimuli by generating outputs
beyond the range of learned responses, and did so in a man-
ner consistent with the form of the assigned function. A pure
exemplar-based model of function learning (i.e., an exten-
sion of ALCOVE: cf. Kruschke, 1992) was unable to ex-
trapolate to the extent observed with participants, revealing
the necessity for rule learning (i.e., the abstraction of rela-
tional information during acquisition) or rule-based re-
sponding (i.e., the abstraction of relational information dur-
ing retrieval) instead of or in addition to exemplar learning.

In a second line of research, DeLosh (1994) observed dis-
continuous patterns of responding during function learning,
and these discontinuities were similar for a condition with
explicit hypothesis-testing instructions and a condition with
standard free-strategy instructions. This observation lends
support to the idea that function learning involves the sys-
tematic sampling and testing of global input-output rules. It
appears, then, that rule abstraction plays a central role in the
learning and application of function-based concepts. But to
what extent is exemplar information retained and used sub-
sequent to rule abstraction?

RULEX Model of Category Learning

This issue has recently been examined as it applies to cate-
gory learning. Nosofsky et al. (1994) proposed a rule-based
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model of classification (RULEX) in which participants ab-
stract simple logical rules based on single dimensions or
conjunctions of dimensions, supplemented by memory for
exceptions 1o those rules. Because members of ill-defined
categories can not be classified based solely on the applica-
tion of logical rules, information pertaining to exceptions is
central to the success of the model. The model therefore
assumes that there is residual memory for old exemplars and
that old exceptions have special status in memory. Consis-
tent with this assumption, Palmeri and Nosofsky (1994)
observed intact memory for old exemplars, and better rec-
ognition memory for old exceptions than for old rule-
congruent items.

Note, however, that there are several differences between
the category learning tasks examined in the above studies
and the function learning task considered in the present ex-
periment. In category learning, responses consist of discrete
and nominal categories that do not have any numerical
status. Rules learned in a category learning task are logical
rules for mapping stimuli onto arbitrary response categories
(e.g., red and square stimuli belong to Category A). In func-
tion learning, responses lic on a continuum and are numeri-
cally related to one another and to stimuli. Therefore the
rules abstracted in a function learning task may reflect the
numerical relationship between stimuli and responses (e.g.,
drug dosage is positively correlated with heart rate).

Despite these differences, a plausible explanation of
function learning is that participants abstract a functional
rule and memorize exceptions to that rule, comparable to the
processing assumptions of RULEX. One might ask, then, do
the findings of Palmeri and Nosofsky (1994) generalize to
function learning? Is exemplar information retained subse-
quent to rule abstraction? Do exceptions to function-based
rules have special status in memory?

Overview of the Current Experiment

The current experiment examines these questions by ex-
tending on the method used by DelLosh et al. (1997). Par-
ticipants learned associations between stimulus and re-
sponse magnitudes (i.e., bar heights) that were related ac-
cording to a negative linear function. Twelve stimulus-
response pairs were given, some consistent with the nega-
tive linear rule, others exceptions to the rule. After each of
six training sessions, previously studied stimulus magni-
tudes were presented as tests of learning accuracy. During
the final test session, participants were also given extrapola-
tion trials to test for rule abstraction. To examine memory
for individual stimulus-response pairs, participants were
then given a final recognition test that consisted of old rule-
congruent items, old exceptions, new rule-congruent items,
and new rule-incongruent items. A random-mapping condi-
tion was included to examine performance when learning is
strictly based on memory for individual input-output pairs.

Method

Participants and Apparatus

Sixty-eight Colorado State University undergraduates par-
ticipated in partial fulfillment of a requirement for an intro-
ductory psychology course. Participants were tested in pairs
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or groups of three in a laboratory room equipped with three
computer workstations. Stimuli were presented on a 14"
color monitor at a distance of approximately 60 cm and re-
sponses were collected using a standard computer keyboard
placed on the desk in front of the monitor. A computer pro-
gram controlled the presentation of the instructions and
stimuli as well as the collection of participants’ responses.

Design

The experiment included two conditions based on the map-
ping between stimulus and response magnitudes. In a func-
tional-mapping condition, stimulus and response magni-
tudes were related according to the negative linear function
y =200 - 1.7x. The random-mapping condition included the
same stimulus and response magnitudes used in the func-
tional-mapping condition, but stimuli were randomly paired
with responses. Mapping was manipulated between partici-
pants, with 35 participants randomly assigned to the func-
tional-mapping condition and 33 to the random-mapping
condition.

Stimuli and Responses

All stimuli and responses were presented in the form of ver-
tical bars with the height of each bar proportional to the
assigned stimulus or response magnitude. The range of pos-
sible stimulus magnitudes was 0 to 100 as indicated by an
unfilled vertical bar labeled O to 100. The range of possible
responses was 0 to 200 as indicated by an unfilled vertical
bar labeled O to 200. Due to limited resolution of the com-
puter monitor, response magnitudes were constrained (o
integer values.

A total of 12 stimulus-response pairs were given during
training. For the functional-mapping condition, 10 of the
stimulus-response pairs corresponded to the negative linear
rule. Two were exceptions to the rule (Pairs 4 and 9; see
Figure 1), with the learned response deviating from the rule-
defined response by 42 units. For the random-mapping con-
dition, the stimulus and response magnitudes used for rule-
congruent items in the functional-mapping condition were
randomly paired. Two random mapping sets were gener-
ated: 16 participants received Set 1 and 17 received Set 2.
Pairs 4 and 9 of the random-mapping sets were identical to
the exceptions used the functional-mapping condition. Fig-
ure | provides a graphical representation of the stimulus-
response pairs used in the functional-mapping set and one of
the random-mapping sets.

Note that the specific stimulus magnitudes given during
training ranged from 22.5 to 77.5 on the 0 to 100 stimulus
scale, with corresponding response magnitudes ranging
from 68 to 162 on the 0 to 200 response scale. Values be-
yond this range were given after the final learning session to
examine extrapolation. The following stimulus magnitudes
were used on extrapolation trials: 2.5, 7.5, 12.5, 17.5, 82.5,
87.5,92.5, and 97.5.

Procedure

At the beginning of the experiment, participants read a set of
instructions on the computer monitor. In the instructions,
participants were told that they would observe a hypotheti-
cal pharmacology experiment in which dosages of an
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Figure I: Graphical representation of the stimulus-response pairs given in the
functional- and random-mapping conditions. Pairs 4 and 9 are exceptions.

unknown drug are given 1o subjects and the level of arousal
produced by each dosage is measured. They were instructed
to predict the level of arousal produced by each drug dosage
given, and when given feedback, to remember the level of
arousal associated with each dosage. They were never told
to figure out the relationship between dosage and arousal
levels, or that a systematic relationship might exist. With
regard 1o the learning task itself, the instructions described
the format of the presentation screen and the appropriate
keys for making a prediction. Once these instructions were
understood. a sample trial was given in order to familiarize
the participant with the presentation screen and response
procedure.

After the sample trial, participants proceeded through al-
ternating training and test sessions, with each of six training
sessions followed by a test session. During training, the
stimulus magnitudes that constituted the stimulus set were
presented one at a time in random order. For each trial, three
unfilled vertical bars were presented simultaneously on the
monitor. The lefimost bar was titled Drug Dosage and had
tick marks and value labels every twenty units from 0 to
100, and the remaining two bars were titled Predicted Level
of Arousal and Observed Level of Arousal, respectively,
with tick marks and value labels every twenty units from 0
to 200. The relative lengths of these unfilled bars on the
screen were proportional to the number of units they repre-
sented.

On a given trial, the left bar was filled in from the zero
point (at the bottom of the bar) to the input value represent-
ing the amount of drug administered. Participants then used
the arrow keys on their keyboard to fill in the second verti-
cal bar from the zero point to the desired prediction value,
and pressed the space bar when finished. Participants were
allowed as much time as needed (o make their prediction.
Once the space bar was pressed, the correct level of arousal
(i.e., the response value assigned to the stimulus according
to the mapping condition) was shown on the rightmost ver-
tical bar, along with an accuracy score of 0 to 100, com-
puted as 100 minus the square of the participant’s prediction
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error. This correct-response feedback was displayed for 6 s.
The next trial was initiated by pressing the enter key.

After participants completed a training session, they were
given 12 test trials consisting of the exact stimulus values
shown during training. The test stimuli were presented in
random order. Individual trials proceeded in exactly the
same fashion as training trials, except the rightmost bar (for
presenting the correct response magnitude) was not included
and no other feedback was provided. During the sixth and
final test session, a sequence of eight extrapolation trials
was given after the standard test trials. These extrapolation
trials were given in random order, and like test trials, feed-
back was not provided.

The experiment concluded with a final yes-no recognition
test. A series of 24 stimulus-response pairs was shown on
the computer monitor. For each item participants were in-
structed to respond yes (press the "y" key) if they believed
the pair was previously given during the experiment or no
(press the "n" key) if they believed the pair was not given
during the experiment. The recognition test consisted of 12
old items (each shown a total of 12 times during the alter-
nating training and test sessions) and 12 new items. For the
functional-mapping condition, these items can be grouped
into four types: old rule-congruent items (the 10 rule-
generated pairs given during training), old rule-incongruent
items (the 2 exceptions given during training), new rule-
congruent items (2 lures with the same stimulus values as
exceptions, but paired with the appropriate rule-generated
response), and new rule-incongruent items (10 completely
new pairs inconsistent with the negative linear rule). The 24
recognition trials were presented in random order.

Results

Learning

In order to compare learning performance for exceptions
versus non-exceptions, the average absolute prediction error
on test trials was computed as a function of item type and
test session for each participant. These averages were sub-



mitted to a 2 x 2 x 6 (Mapping x Item Type x Test Session)
mixed analysis of variance (ANOVA). The rejection level
was set at .05 for this and all other analyses reported in the
current study. Main effects of mapping [F(1,66) = 16.49,
MSE = 428.41], item type [F(1,66) = 10.87, MSE = 257.86],
and test session [F(5,330) = 15.66, MSE = 150.89] were
obtained. As observed in previous experiments (e.g.,
Carroll, 1963; DeLosh, 1996), performance was better in the
functional-mapping condition than in the random-mapping
condition, and improved from test session to test session. In
addition, prediction accuracy was better for non-exceptions
than for exceptions.

A significant interaction between mapping and item type
[F(1,66) = 70.44, MSE = 150.89] was also observed. In the
random-mapping condition, performance was better for ex-
ceptions (Mean Prediction Error = 24.85) than for ran-
domly paired stimulus-response values (M = 30.58). In the
functional-mapping condition, performance was better for
rule-congruent items (M = 15.25) than for exceptions (M =
28.40). Therefore, the specific stimulus-response pairings
used as exceptions were easier to learn than random pair-
ings, but despite this, participants were less accurate with
exceptions than with rule-congruent items in the functional-
mapping condition (see Figure 2; also see Figure 3).

The analysis also yielded a significant interaction between
mapping and test session [F(5,330) = 2.36, MSE = 150.89],
revealing greater improvement over test sessions for the
functional-mapping condition than for the random-mapping
condition. None of the remaining interactions were statisti-
cally reliable (ps > .10).

Recognition

In order to analyze recognition performance, hit and false
alarm rates were computed for each participant in the func-
tional- and random-mapping conditions. One participant in
the functional-mapping condition terminated the experiment
prior to completing the recognition test, therefore the fol-
lowing analyses are based on the remaining 67 participants.
Independent-sample 1 tests revealed a higher hit rate for
items in the functional-mapping condition (M = .80) than for
items in the random-mapping condition (M = .73). The false
alarm rate did not significantly differ across conditions (p >
10; M = .24 and .30, respectively).

A more detailed analysis of the recognition data was then
conducted for the functional-mapping condition. Hit and
false alarm rates were computed for the four types of items
given on the recognition test, yielding the means given in
Table 1. The hit rate for old rule-congruent items signifi-
cantly differed from that of old rule-incongruent items [#(33)
=4.29], such that recognition memory for rule-based items

Table 1: Hit and false alarm rates for each
type of item in the functional-mapping condition.

Item type Proportion of

yes responses
Old rule-congruent items .89
Old rule-incongruent items .59
New rule-congruent items .59
New rule-incongruent items 17
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Figure 2: Accuracy of predictions across the six test sessions
for exceptions and non-exceptions in the functional- and random-mapping conditions.
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was better than recognition memory for exceptions.' In ad-
dition, the false alarm rate differed for new rule-congruent
items and new rule-incongruent items, 1(33) = 7.00. Items
consistent with the negative linear rule produced a higher
rate of false recognition than was observed with other new
items. In fact, the false alarm rate for the rule-congruent
lures did not differ from the hit rate for exceptions (p > .10).

Extrapolation

Performance on extrapolation trials was examined to further
assess whether learning in the functional-mapping condition
was based on rule abstraction. One participant did not com-
plete the extrapolation trials, so the following data are based
on the remaining 34 participants. Figure 3 shows the aver-
age of participants' predictions as compared to the objective
responses across all stimulus values from the last test ses-
sion. The stimulus magnitudes within the dotted lines corre-
spond to stimuli given during learning; those outside the
dotted lines are extrapolation stimuli.

The figure reveals that participants extrapolated well be-
yond the range of learned responses in both extrapolation
regions, extending 16 and 24 units beyond learned re-
sponses in the low and high extrapolation regions, respec-
tively. Moreover, the extrapolation responses were highly
systematic, closely approximating the objective function.
Participants’ predictions were, in fact, closer to the objective
values for extrapolation stimuli (M = 12.19) than for excep-
tions (M = 19.49). This extensive extrapolation replicates
past findings (DeLosh, 1994, 1996) and provides strong
evidence for rule abstraction (see Discussion).

It is also noteworthy that extrapolation responses in the
random-mapping condition were positively correlated with
stimulus magnitudes (M = 43.85, 62.82, 83.12, 79.33,
106.42, 109.94, 114.94, and 117.42 for extrapolation trials 1
through 8, respectively). This suggests that participants at-
tempted to apply a rule even in the random-mapping condi-
tion. Moreover, the particular pattern of extrapolation is
consistent with findings in the function-learning literature
that reveal biases toward increasing monotonic functions
(Brehmer, 1974; Busemeyer et al., 1997).

Individual Differences

To determine whether the average data described above is
representative of individual learners, extrapolation perform-
ance was examined for each of the 34 participants in the
functional-mapping condition. Five of these participants
deviated from the group data, failing to extrapolate in the
two extrapolation regions. Contrary to the large advantage
for rule-congruent items observed in the group data, these
participants also showed: (a) similar learning performance
for rule-congruent items (Mean Prediction Error = 20.95)
and exceptions (M = 26.57); (b) a similar hit rate for old
rule-congruent items (M = .84) and exceptions (M = .80);
and (c) a similar false alarm rate for new rule-congruent (M
= .40) and rule-incongruent items (M = .34).

'For comparison, there was no difference between the hit rate for
exception pairs (M = .75) and random pairs (M = .70) in the ran-
dom-mapping condition (p > .10).
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Figure 3: Participants' final test predictions
for the functional-mapping condition.

Discussion

Rule Abstraction in Function Learning

The present findings support the view that participants often
abstract and apply rules when learning function-based con-
cepts, at least for simple functional relations. First consider
the extrapolation results. The observed pattern of extrapola-
tion responses approximates the objective negative linear
function and therefore suggests that participants abstracted
and applied information about the stimulus-response rela-
tionship. In support of this interpretation, DeLosh et al.
(1997) formally tested a pure exemplar-based model of
function learning (an extension of ALCOVE; see Kruschke,
1992) and showed that the model can not account for exten-
sive extrapolation, as observed here. In order to produce
extensive extrapolation, it is necessary to include a rule-
based mechanism in which relational information is ab-
stracted during the learning or retrieval of individual in-
stances (cf. Busemeyer et al., 1997; DeLosh et al., 1997).
The present experiment also provides new corroborative
support for rule abstraction. If participants only learn and
remember individual stimulus-response pairs, one might not
expect differences between the functional- and random-
mapping conditions. There was, however, an advantage for
the functional-mapping condition in both learning and rec-
ognition. Similarly, if participants rely on exemplar learning
even in the functional-mapping condition, one might not
expect differences between rule-congruent items and excep-
tions. In the random-mapping condition in which partici-
pants were required to memorize individual instances, there
was no advantage for rule-congruent items. However, in the



functional-mapping condition there was an advantage for
rule-congruent items over exceptions in both learning and
recognition. In addition, the experiment yielded a high rate
of false alarms for new rule-congruent items. Participants
often judged rule-congruent lures as having occurred before,
and did so at a rate equivalent to that of exceptions that were
shown 12 times during acquisition.

Note, however, that a few learners deviated from the
group averages described above. These participants did not
extrapolate beyond the range of learned responses in the two
extrapolation regions. As discussed by DeLosh et al. (1997),
this failure to extrapolate may reflect a strategy that centers
on exemplar learning (also see DeLosh 1994, 1996). In any
case, responding does not appear to be based on rules for
this subset of participants. If these participants do not ab-
stract and use rules, one would expect similar learning and
recognition performance for rule-congruent and rule-
incongruent items (in contrast to the large advantage for
rule-congruent items observed in the group data). This is
precisely what was found. It appears, then, that the large
majority of participants abstract and apply rules, but a few
may rely exclusively on memory for individual instances.

Memory for Instances in Function Learning

Although rule abstraction appears to play a central role in
function learning for most participants, results show that
these participants also have residual memory for individual
instances. Within the functional-mapping condition, old
rule-congruent items were more likely to be judged as hav-
ing occurred before than were new rule-congruent items.
Likewise, old rule-incongruent items (i.e., exceptions) were
more likely to be judged as having occurred before than
were new rule-incongruent items. This indicates that par-
ticipants do not simply make recognition decisions by
judging whether an item is consistent or inconsistent with
the abstracted rule. Rather, recognition judgments appear to
be based, at least in part, on familiarity with or recollection
of individual stimulus-response pairs.

Memory for Exceptions to Function-Based Rules

Even though participants in function-learning tasks do ap-
pear lo retain exemplar information, exceptions do not seem
to have special status in memory. Contrary to findings from
category learning experiments (see Palmeri & Nosofsky,
1995), rule-congruent items were better learned and better
recognized than exceptions. In fact, performance for stimu-
lus-response pairs that were used as exceptions was much
worse when those pairs were learned in conjunction with
rule-generated pairs (the functional-mapping condition) than
when learned in conjunction with random pairs (the ran-
dom-mapping condition). It therefore appears that learning a
function-based rule interferes with learning and memory for
specific instances that are exceptions to that rule.

Conclusions

In sum, the current study supports the view that the learning
and application of function-based concepts involves rule
abstraction as well as memory for specific instances. One
possible instantiation of this hybrid approach, following
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from the RULEX model of category learning, is that partici-
pants learn functional rules and remember exceptions to
those rules. However, this particular rule-plus-exemplar
account is not supported by the present experiment. Unlike
findings from the category learning literature, exceptions to
function-based rules do not appear to have special status in
memory.
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