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Using an interference paradigm, we demonstrate that there is a place for a direct coding
mechanism in a comprehensive theory of frequency coding. Ss were presented words whose
frequency was judged later. Under one set of instructions, these words were coded in terms of
numerical associates; under another set of instructions, the coding was governed by nonnumerical
associates. The condition using numerical associates resulted in frequency estimations that were
of lesser quality than those produced in the control condition. This effect, moreover, was a
function of the encoding of the target words, not just their retrieval.

People are quite good at remembering how often events
occur. Ask about the relative numbers of many kinds of
events, and you are likely to get answers that reflect the actual
relative frequencies of the events with great fidelity. In one
study, for example, Shedler, Jonides, and Manis (1985)
showed that, when queried about the relative number of
restaurants in various fast-food chains, people’s estimates bore
a close relation to the actual number of extant outlets.

Models of frequency judgments have focused on the coding
processes involved in retaining information about the fre-
quency of occurrence of events. One class of theory has
become quite popular as an account of the representation of
such frequency information. This class subscribes to the as-
sumption that information about the frequency of occurrence
of an event is derived from aspects of the memory for an
event other than its frequency per se, such as the number of
traces of that event that are stored when it occurs repeatedly
(Hintzman, 1988; Howell, 1973).

One line of evidence for such indirect coding models comes
from experiments in which variables thought to have effects
on memory traces for events are also shown to have similar
effects on frequency judgments. One example of such a vari-
able is instruction about the level of processing that should
be applied to items in a list. Ample documentation exists that
semantic coding of list items leads to better recall than does
coding that is tied to some physical aspect of the stimuli
(Craik & Lockhart, 1972). It has also been shown that seman-
tic coding (compared with more superficial coding) results in
frequency estimations with greater fidelity to actual frequency
(Fisk & Schneider, 1984; Greene, 1984; Jonides & Naveh-
Benjamin, 1987; Naveh-Benjamin & Jonides, 1985, 1986;
Rose, 1980; Rose & Rowe, 1976; Rowe, 1974; Rowe & Rose,
1977). Thus, there is a similarity between the effects of se-
mantic coding on both memory for an event and on frequency
judgments for that event, leading to the claim that frequency
is represented by some aspect of the memory code, such as
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the multiplicity of traces stored. Examples of this sort
strengthen the case for a model proposing indirect coding of
frequency by means of some aspect of the memory traces of
the events other than a direct coding of frequency per se.

An alternative to indirect coding models rests on the as-
sumption that frequency is a separately and directly coded
attribute of memory traces (e.g., Underwood, 1969). Accord-
ing to models of this class, the registration of a trace about
some event has, as one of its components, a frequency tag
that is incremented with successive appearances of the same
event (see Hintzman & Stern, 1978; Howell, 1973; Under-
woad, 1969, for descriptions of such a model).

A version of a direct coding model that is not particularly
attractive is based on the notion that the direct code is updated
using explicit counting. Although such a mechanism may
have some usefulness in certain limited circumstances, count-
ing is not a skill that can be applied generally and with
precision to the range of tasks for which humans and other
animals show impressive frequency coding ability (see Fisk &
Schneider, 1984; Flexser & Bower, 1975; Greene, 1984; Jon-
ides & Naveh-Benjamin, 1987; Naveh-Benjamin & Jonides,
1986; Zacks, Hasher, & Sanft, 1982, for relevant discussions).
On a task like those presented here, subjects given explicit
counting instructions along with paper and pencil aids per-
formed no better and no worse than those without such
instructions and aids (see Greene, 1986; Jones, 1990).

By contrast, there is reason to take seriously a version of
direct coding that is more subtle. According to this version,
frequency information about an event is accumulated auto-
matically on successive appearances of that event. Evidence
on the automatic updating of frequency information is some-
what mixed. However, even though recent studies cast doubt
on a wholly automatic updating process, there is still reason
to believe that at least some contribution to the coding of
frequency may be mediated automatically (e.g., Birnbaum,
Taylor, Johnson, & Raye, 1987; Hasher & Zacks, 1979, 1984;
Naveh-Benjamin & Jonides, 1986; Sanders, Gonzalez, Mur-
phy, Liddle, & Vitina, 1987). If such automatic coding is still
a viable possibility, then an automatic mechanism based on
direct coding of frequency may also be viable.

Tests of a direct coding theory have been based on a
compelling empirical logic: If a code for frequency is stored
in the form of numerical information, then it ought to be

g s o

P ]



FREQUENCY OF OCCURRENCE 369

possible to interfere with this numerical information by si-
multaneous presentation of other numerical data that must
be stored in memory. This is the rationale that has guided
tests by Whitlow and Skaar (1979), Hintzman (1982), and
Hintzman, Nozawa, and Irmscher (1982).

Whitlow and Skaar (1979) tested whether spatial numeros-
ity (the number of occurrences of an event within a frame)
and total frequency are mutually exclusive, noninterfering
aspects of memory. If they are, then manipulation of either
should not affect the storage or recall of the other. Whitiow
and Skaar attempted to influence frequency judgments by
varying the correlation of numerosity and total frequency of
an event. Hence, for half of the subjects, a stimulus with a
high numerosity also had a high total frequency, whereas for
the remaining subjects, a stimulus with a high numerosity
had a low total frequency. If frequency and spatial numerosity
are noninterfering aspects of memory, then subjects should
have been able to choose the more frequent stimulus of a test
pair regardless of the relative numerosities.

Letter strings were presented in one of two lists. In one list,
numerosity was positively correlated with total frequency,
whereas in the other list the correlation was negative. Subjects
were presented with only one of the lists and subsequently
were asked to make relative frequency judgments of letter
pairs.

It was found that subjects showed a tendency to choose the
letter with the highest numerosity as being the more frequent
regardless of actual total frequency. In addition, accuracy on
the positively correlated list was generally higher than on the
negatively correlated list. These two results suggest that there
may have been interference of the numerosity information
on internal codes of the information about total frequency of
occurrence. This evidence for the intrusion of a numerical
associate on frequency information suggests that frequency
data may be stored in a numerical format. This is exactly the
storage format implied by a direct coding mechanism.

A similar rationale was used by Hintzman (1982): Distinct
aspects of memory should not intrude on each other if they
are separately coded. That is, variations in one aspect of
memory should not influence the recall of another aspect.
Hintzman attempted to show that frequency information is
stored in a form different from that of other numerical
associates by varying both the spatial numerosity and the
presentation frequency of stimulus words. He found no evi-
dence for any intrusion of numerosity on frequency estimates.

In another attempt to show that frequency information is
stored in a unique manner, Hintzman et al. (1982) used the
same experimental logic: Distinct aspects of memory should
not intrude on one another. In this case, the experimenters
examined the difference between presentation frequency and
the magnitude of digit associates. Picture-digit pairs were
used as stimuli, with both digits and stimulus frequencies in
the range of 1 to 5. Subjects were asked to learn the digit
associate for each picture. One half of the subjects were then
given the expected associate recall test, whereas the rest were
given an unexpected absolute frequency judgment test before
the associate test.

Frequency judgments were fairly accurate and were not
affected by the digit associate, but the accuracy of digit recall

was reduced when frequency estimates were made before the
digit recall test. The fidelity of the frequency estimates indi-
cates that the encoding of the digit associates had no effect on
the encoding of frequency. In addition, the lack of intrusion
of the stored digit associates on the frequency estimates during
frequency recall indicates that frequency information was
stored in a manner different from that of other numerical
associates.

These studies lead to no solid conclusion about the plausi-
bility of a direct coding mechanism. Whitlow and Skaar
(1979) found some interference between numerosity and fre-
quency, but Hintzman (1982) and Hintzman et al. (1982)
found no evidence of interference in the encoding of fre-
quency by other digit information (although there was some
evidence of interference at the time of retrieval).

The present article reports the results of three experiments
that continue to explore a direct coding mechanism, again
making use of the rationale that other digit-related informa-
tion about an event might interfere with a frequency code for
that event if that code is represented in the form of a count.

There are two reasons to continue investigation of a direct
code given past results. The first is that some influence of
direct coding seems apparent in the data of Whitlow and
Skaar (1979). The second is that the interference techniques
used by Hintzman et al. (1982) may not have been wholly
effective. There is the possibility in those studies that the
frequency and digit codes were sufficiently different in internal
form that there was not adequate opportunity for the two
codes to interfere mutually. The frequency code was generated
internally by subjects, whereas the digit code was given by the
experimenter. This difference in origin of the codes may have
rendered them sufficiently different that they were separable
in memory and therefore did not maximally interfere with
one another.

With that problem in mind, we designed a technique that
would allow both the frequency and the digit codes to be
generated internally by subjects, thereby overcoming any
differences in origin. Of course, it is straightforward to have
subjects generate a frequency code internally: They are as-
sumed to do so automatically according to the most plausible
version of a direct coding model. To include a potentially
interfering numerical code that was also generated internaily,
we used as stimuli words that themselves have numerical
values associated with them. These words (as well as other
words that do not have a characteristic numerical value
associated with them) were presented at several frequencies.
Subjects were instructed 1o generate associates to each word
as the words were presented, and they were asked to estimate
the frequency of presentation of each word afier presentation
of them all. We then examined whether there was interference
on the frequency estimates by the numerical associates of the
words.

Experiment |

The purpose of Experiment 1 was to determine if we could
establish an interference effect on frequency judgments by
introducing sources of numerical information into the exper-
imental setting. To this end, we chose words that have char-
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acteristic numerical associates, and we varied the frequency
of presentation of these words. In addition, we included
instructions 1o subjects that exhorted them to process the
words with either numerical or word associates in mind.
Would the characteristic numerical associates of the words
influence the frequency judgments for these words especially
under conditions in which the numerical associates were made
salient? This was the issue at hand.

Method

Subjects. The subjects were 44 undergraduates of the University
of Michigan who participated as part of a course requirement.

Materials. The pool of critical words used in constructing the
stimulus list consisted of 12 words previously found to have naturally
and strongly associated numerical values (couple, few, lone, quartet,
alone, solo, triplicate, quadrangle, pair, wheels, triplets, twins).

These words were generated in a two-stage preliminary procedure.
First, 24 subjects were asked to list as many words as possible that
they considered to have a natural numerical value. The 104 most
frequently generated words were given to a different set of 24 subjects
who were asked 1o indicate the numerical value associated with each
word. Of course, not every subject assigned the same numerical
associate to each of the words in this pool. Those words having
associates within the range of digits | through 4 and with variances
in their values of less than 0.44 qualified to be critical words in the
main experiment.

There were at least four satisfactory words at each of the numerical
values. However, for the values 3 and 4, three of the four satisfactory
words began with the prefixes “tri” or “qua,” respectively. Such
repetition seemed to draw attention to the fact that the words had
numerical values. To minimize this problem, three words at each
associate value were randomly selected with the constraint that not
all of the words having a particular value could begin with the same
prefix. These words became the 12 critical words for the experiment
proper.

The 3 words each from Associate Categories 1, 2, 3, and 4 were
assigned to presentation frequencies 1 through 4 as shown in Table
1. Table | shows that an orthogonal combination of frequency and
association value was approximated. Because there were only 3 critical
words for each association, there was not an opportunity to complete
the orthogonal assignment. In addition to the critical words, 6 filler
words were assigned to each frequency. These words had no known
associated numerical values as mutually judged by the authors. The
mean linguistic frequencies of the filler and the critical words were
equated. An additional 10 filler words were used with presentation
frequency of ! at the beginning and end of the presentation sequence
to absorb primacy and recency effects.

All of the words at their various frequencies were photographed
one to a slide. They were then arranged in random order for presen-
tation with two constraints. First, the 10 filler words used to overcome
primacy and recency effects were placed such that 5 began the
sequence and S ended it. Second, repetitions of a word were separated
by at least three slides of other words. Altogether, 100 stimuli were
presented: 9 words of the 4 frequencies and 10 additional words of
frequency 1.

Procedure. Four groups of subjects were tested. Subjects in all
groups began their session by viewing the 100 slides containing the
stimulus words at a rate of 5 s per word. During this presentation
phase, subjects in all four groups were given a booklet consisting_ of
20 pages with five blank lines on each page. Two of the groups (the
word-encoding conditions: n = 11, n = 14) were instructed to write
down on each line the first word that came to mind when they saw a
stimulus slide. The other two groups (the number-encoding condi-

Table 1

Approximation of Orthogonal Combination of Presentation
Frequency and Associated Numerical Values for the
Critical Words of Experiment |

Associated Presemation frequency
numernical
values 1 2 3 4
l + + + —
2 + + — *+
3 — + + +
4 + — *+ +

Note. A cross indicates that a word of this type was used.

tions: n = 10, n = 9) were instructed to write down for each stimulus
word the first number that came to mind when they viewed that
word. Therefore, subjects in all groups were engaged in an associate-
generation task as they viewed the stimulus slides. All of the subjects
were asked 10 use the same associate on each appearance of a repeated
word. The subjects were led to believe that they were engaged in a
task to generate a new set of associative norms. This cover instruction
seemed effective in focusing subjects’ atiention on the task of gener-
ating associates as we wished.

Immediately after the slide presentation, the associate booklets
were collected. One group of subjects in each encoding condition was
then given an unexpected written test of recall for the associates they
had generated. For this 1ask, they were asked to indicate the associate
that they had written in their answer booklet for each stimulus word.
For this group of subjects, the associate test was immediately followed
by an unexpected test of the frequencies with which each word had
been presented: Subjects were given each word (other than the 10
primacy and recency words) and were asked to estimate its frequency
of presentation. The second group of subjects in each encoding
condition received the frequency test first and then the test of associate
recall.

Results and Discussion

Effects of instruction. Figure 1 plots the frequency esti-
mates as a function of actual frequency for both the word-
encoding condition (Figure la) and the number-encoding
condition (Figure 1b). Both panels make it clear that subjects
were able to estimate the frequency of appearance of the
words with considerable fidelity. This was confirmed by an
omnibus analysis of variance (ANOVA) including the factors
of frequency, order of testing on recall versus frequency,
encoding condition, and work type. This analysis showed a
very reliable increase of estimates with actual frequency, F(3,
120) = 283.63, p < .001, MS. = 0.137.

We found no reliable effect of the order in which subjects
were tested for frequency versus associate recall, F(1, 40) =
2.28, p > .10, nor did we find any significant interactions of
test order with any other variable (p > .10). Our failure to
find any reliable influence of order led us to collapse over this
variable in further analyses.

The fidelity of the estimates differs between the two types
of words. This is shown in two ways. First, the estimates for
the filler words are closer 1o the true frequencies in absolute
magnitude than are the estimates for the critical words. Sec-
ond, the slopes of the estimates for the filler words are steeper
than the slopes for the critical words.
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Figure 1. Estimated versus actual frequency for the critical and filler
words of Experiment 1 for (a) the word-encoding condition and (b)
the number-encoding condition.

The effect of word type on absolute magnitude was con- -

firrned by the results of a three-way ANOVA on the estimates.
The main effect of word type in this analysis was reliable, F(1,
42) = 41.12, p <.001, MS. = 0.255, and readers can see from

Figure | that this is because the estimates for the filler words
were nearer the true frequencies. The slope difference was
also confirmed by statistical analysis. Slopes were estimated
for each subject’s functions, and they were compared for
critical words (M = 40, SD = .25) and filler words (M = .66,
SD = .18). As shown in the figure, the comparison confirmed
that the slopes of the estimates for the filler words were steeper,
F(1, 86) = 30.49, p < .001, MS, = 0.048.

A highly significant Word Type X Encoding Condition
interaction, F(1,42)=22.72, p<.001, MS. =0.255, indicated
that encoding condition had the most influence on the judg-
ments for the critical words. Consider now the data for these
critical words only. These are the data of central interest in
that they offer the possibility of revealing an interference
effect. A comparison of Figure la and 1b suggests just such
an interference effect. It appears that when subjects judged
the frequency of the critical words after they had produced
numerical associates to those words, their judgments were
compromised compared with the condition in which they
generated word associates. This is confirmed by a two-way
ANOVA, including the factors of encoding condition and
frequency. This analysis showed a main effect of encoding
condition, F(1, 42) = 11.22, p < 002, MS, = 0.512, as well
a Frequency x Condition interaction, F(3, 126) = 6.97, p <
.001, MS. = 0.204.

Experiment | was designed to find an effect of number
encoding by including the critical words for which a natural
numerical associate within the range of the actual frequencies
was present. By virtue of the design, however, it was also
possible to examine whether such an interfering effect of
encoding might appear for the filler words as well. Indeed it
does: A two-way analysis on the filler words comparable to
the one for the critical words shows both a main effect of
encoding condition, F(1, 42) = 5.83, p < .05, MS, = 0.259,
and a Frequency X Condition interaction, F(3, 126) = 8.35,
p < .001, MS. = 0.090.

Effect of numerical magnitude. These analyses on both
the critical and filler words show, then, that the production
of numerical associates reliably interfered with the later pro-
duction of frequency judgments. Is this interference effect due
to the magnitudes of the numbers involved, or is it due merely
to the activation of a number system for both frequency
coding and numencal association? We studied this issue by
examining whether the numerical magnitude of the value
associated with each critical word had a systematic relation-
ship to the frequency estimate given. Recall from Table 1 that
the critical words were assigned frequencies of appearance
such that the natural associates of the words were systemati-
cally related to their frequencies. In some cases, there was a
match between associate and frequency, and in some cases
there was not. When there was not, furthermore, there were
various values of difference (numerically from 1 to 3) between
frequency and associate.

Our analysis required the definition of a metric that would
relate frequency to associated value. We chose to define this
“distance value” metric as the absolute value of the natural
numerical associate minus the presentation frequency for that
word. The larger this distance value, the greater the difference
in magnitude between a word’s frequency and its natural
numerical associate. Having determined this for each word,
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we then examined the accuracy of the frequency estimates as
a function of distance value. Accuracy in this case was simply
the absolute value of the estimated frequency for a word
minus its actual presentation frequency. These data are shown
in Figure 2 in which accuracy is plotted against distance value.
Note that there are four words with distance value of 0, five
words with distance value of 1, two words with distance value
of 2, and one word with distance value of 3 that contribute
to these data,

One thing that is reiterated by Figure 2 is the difference in
accuracy between encoding conditions: The number-encoding
condition yields frequency estimates that deviate more from
the actual frequencies than does the word-encoding condition.
This is borne out by a two-way ANOVA including the factors
of encoding condition and distance on these data. The
ANOVA shows a significant main effect of encoding condi-
tion, F(1, 42) = 30.00, p < .001, MS. = 0.295. Notice also
that the functions have essentially zero slope in each condi-
tion; that is, the actual value of the distance between associate
and frequency does not affect the amount of over- or under-
estimation, F(3, 126) = .09, p > .88. This leads to the
conclusion that simple activation of a numerical system by
generating associates causes the interference in frequency
judgments. It is not the particular value of the associate in
question that matters.

2.0 5

1.5 ——f——  Number associates

——o—— Word associates

0.5

Mean |Estimate-Presentation Frequency|

0.0 T

Distance value
|Associate-Presentation Frequency|

Figure 2. Accuracy of frequency estimates as a function of distance
value for the critical words of Experiment 1. (Data are plotted for the

conditions in which numerical and word associates were required.)

Number of associates generated. One possible basis for
the general effect of numencal associates (shown in Figures |
and 2) that must be investigated is that past research (e.g.,
Jonides & Naveh-Benjamin, 1987) showed that the greater
the number of associates generated for a given word during
presentation, the more accurate the frequency estimate for
that word. To be sure, this effect is quite small for frequencies
in the range used in the present experiment. Therefore, it is
unlikely a priori that there would be much influence of
number of associates on frequency estimates. Nonetheless, if
the word-encoding condition resulted in the generation of
more associates for each repeated stimulus word than the
numerical condition did, this could provide an explanation
for the differences in the frequency estimates given in the two
encoding conditions. Recall that subjects were instructed to
repeat their associate on repetition of a word, but in some
cases they did not do so. To test for the possibility that the
number of associates may have compromised the frequency
results, the mean number of associates given for each repeated
stimulus word was calculated.

Using mean number of associates generated as the depend-
ent measure, an ANOVA was performed with encoding con-
dition, presentation frequency (2, 3, or 4), and word type as
the varniables. This analysis showed no main effect of number
of associates as a function of encoding condition, F(1, 42) =
2.65, p> .10, MS, = 0.879. So it is unlikely that number of
associates could account for the reliable effect of encoding
condition on frequency estimates that we found.

This analysis did reveal two reliable effects. First, more
associates were given for the filler words than for the critical
words, F(1, 42) = 4.67, p < .05, MS. = 0.114. This is not
surprising because there were twice as many filler words as
critical words and, hence, there were twice as many opportu-
nities for extra associates to be generated. Second, the critical
words in the word associate condition were given more asso-
ciates than any other word type and encoding condition
combination, F(1, 42) = 26.72, p < .001, MS. = 0.114. This
second result gives us another opportunity to test for an effect
of number of associates on frequency judgments: If the ac-
curacy of the frequency judgments was determined by the
number of associates generated, then the most accurate fre-
quency estimates should be for the critical words in the word-
encoding condition because this was the condition that led to
the most associates. A comparison of Figure 1a and 1b shows
that this was not the case, however. In fact, the most accurate
estimates were given for filler words in the word-encoding
condition, the category of stimulus words given the second
fewest associates.

Experiment 2

Experiment 1 demonstrated an interfering effect of numer-
ical associates. The implication of this effect is that there is
some contribution of a numerical processing mechanism to
the generation of frequency judgments, and the task of gen-
erating numerical associates produces an interference with
this process. However, what is the locus of the process? Two
possibilities suggest themselves. One is that a numerical code
created at the time of stimulus presentation has a role in the
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eventual judgment of frequency. This is what others have
called a direct or propositional code for frequency (e.g., Hintz-
man, 1982; Hintzman et al., 1982). The other possibility is
that the interference occurs only at the time that subjects
produce the judgments and not at the time of encoding. This
possibility is implied by the work of Hintzman et al. (1982)
in which they documented a similar effect on the recall of
experimenter-assigned digit associates. Experiment 2 was de-
signed to discriminate whether the numerical interference
effect was lodged only at retrieval or whether encoding proc-
esses were implicated as well.

Four groups of subjects were used. Two groups replicated
Experiment 1 in that they generated and recalled either word
or number associates. The other two groups generated asso-
ciates of one type during the encoding of the stimuli and then
were asked to generate the other type of associates immedi-
ately before making frequency estimates. If the interference
occurs during encoding, then the type of associates generated
immediately before the frequency test should not influence
the estimates; only the type of associates generated at encoding
should be influential. Interference only at retrieval, however,
would imply that the type of associates generated during
encoding would not affect the frequency estimates, whereas
the associates generated at the time of judgment would impact
the estimates.

Method

Subjects. The subjects were 65 University of Michigan students
who were paid for their participation. None of the subjects had
participated in Experiment 1.

Materials. The stimuli were identical to those used in Experiment
I.

Procedure. The procedure was identical to that of Experiment 1
except for a vanation in testing. All subjects received a type of
associate task followed by the frequency judgment test. For the
associate retrieval task, one half of the subjects in each encoding
condition (n = 16, n = 16) were asked to recall the associates they
had generated during the slide presentation. The remaining subjects
were asked to generate the alternative type of associates to the stimulus
words: Subjects in the number-encoding condition generated word
associates (n = 18), whereas those in the word-encoding condition
generated numerical associates (n = 15).

Results and Discussion

The frequency estimates for the word and number-encoding
conditions are shown in Figures 3 and 4, respectively. Notice
that the slopes of the estimate functions are somewhat steeper
overall in the word-encoding condition and that the estimates
do not differ as a function of retrieval condition. It appears,
then, that the interference effect is located at the encoding
stage. These observations were confirmed by an omnibus
ANOVA. A marginal effect of encoding condition was found
F(1, 16) = 3.05, p < .09, MS, = 1.01, but there was no main
effect of retrieval condition (p > .88). A highly significant
Word Type X Encoding Condition interaction, F(1, 61) =
19.65, p < .001, MS, = 0.339, indicated that encoding con-

dition had the most influence on the estimates for the critical -

words just as would be expected. These critical words are of
primary interest,

4 1

Critical Words, Word Retrieval

-———  Filler Words, Word Retrieval

Mean estimaled frequency
N
L

----@---  Critical Words, Numb. Retrieval

~——o— Filler Words, Numb. Retrieval

Presentation frequency

Figure3. Estimated versus actual frequency for the critical and filler
words in the word-encoding conditions of Experiment 2. (There were
two conditions of retrieval: generation of either number or word
associates to the stimuli.)

Consider the data for the critical words only. Notice two
features of these data. First, the absolute magnitudes of the
estimates differ as a function of encoding condition but not
as a function of retrieval condition. Second, the slopes of the

4 -

Pl

Critical Words, Word Retrieval

—e— Filler Words, Word Retrieval

Mean estimated frequency
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---@--+  Critical Words, Numb. Retrieva!

—o— Filler Words, Numb. Relrieval

T T
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Presentation frequency

Figure4. Estimated versus actual frequency for the critical and filler
words in the number-encoding conditions of Experiment 2. (There
were two conditions of retrieval: generation of either number or word
associates to the stimuli.)
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functions, shown in Table 2, also differ with encoding con-
dition but not retrieval condition. Both of these effects were
confirmed by ANOVA on the frequency judgments including
factors of encoding condition, retrieval condition, and fre-
quency: There was a main effect of encoding condition, F(1,
61) = 12.30, p < .001, MS. = 0.763, but there was no effect
of retrieval task (p > .9). An interaction between encoding
condition and presentation frequency was also found, F(3,
183) = 5.93, p < .001, MS. = 0.222. Of course, there was a
main effect of presentation frequency as well, F(3, 183) =
63.81, p < .0001, MS, = 0.222.

To examine the interaction, we calculated estimated slopes
for each subject’s frequency function, and we analyzed these
slopes for reliable differences. The analysis revealed a main
effect of encoding condition, F(1, 61) = 12.60, p < .001, MS.
= (0.056, which confirms the steeper slopes of the word-
encoding conditions. No other reliable effects were found.

Now consider the data for the filler words only. As was
expected, the encoding condition had a much attenuated
effect for these words because the words have no natural
numerical values as associates. However, a three-way analysis
parallel to the one conducted for the critical words did reveal
an interaction between encoding condition and presentation
frequency, F(3, 183) = 11.02, p < .0001, MS. = 0.119,
indicating that the fidelity of the frequency estimates was
indeed reduced by number encoding. Aside from the normal
effect of presentation frequency, F(3, 183) = 318.55, MS. =
0.119, no other effects were found to be reliable.

The interaction was examined by calculating slopes as for
the critical words. The slopes are shown in Table 2. Again a
main effect of encoding condition was found, F(1, 61) =
14.54, p < .001, MS, = 0.038, confirming the observation
that numerically encoding the stimuli decreased the slope of
the frequency estimates. No other significant effects were
revealed.

As in Experiment 1, we were able to examine the effect of
numerical distance between each word's associate and its
frequency. Figure 5 plots accuracy of judgments against dis-
tance value in a manner parallel to that of Figure 2. As before,
we found that the number-encoding condition resulted in

Table 2
Slopes of Frequency Estimate Functions for Experiment 2
Variable M SD
Critical words
Word-encoding condition
Word-retrieval task .49 18
Number-retrieval task .55 .19
Number-encoding condition
Word-retrieval task .16 .29
Number-retrieval task .36 .10
Filler words
Word-encoding condition
Word-retrieval task .19 12
Number-retrieval task .66 18
Number-encoding condition
Word-retrieval task 63 18
Number-retrieval task 49 A3
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Mean |Estimate-Presentation Frequency|
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Figure 5. Accuracy of frequency estimates as a function of distance
value for the critical words of Experiment 2. (Data are plotted for the
four conditions of encoding versus retrieval defined by whether
pumber [N] or word [V] associates were involved.)

poorer estimates than did the word-encoding condition. It
also appears that there might be an effect of the magnitude of
the distance value on accuracy. Notice, however, that the
effect is entirely due to the distance value of 3, and recall that
there is only one stimulus word with that distance value, It is
entirely possible that this effect is due idiosyncratically to the
word at this value (quartet). We have no way of assessing this
at present. Ignoring this value, there does not appear to be an
effect of distance value in general. In fact, this is shown by an
ANOVA on the data in Figure 5 including the factors of
encoding and retrieval conditions and distance. This analysis
shows a reliable effect of encoding condition only, F(1, 61) =
6.47, p <.02, MS. = 0.163. No other significant effects were
found. This confirms that the condition of retrieval does not
influence the quality of frequency estimates. These results,
then, are in concordance with those of Experiment 1, and
they expand on those results by showing that the locus of
interference effects seems to be at the stage in which the
material’s frequency is encoded.

As in Experiment |, the number of associates generated did
not differ significantly between the encoding conditions. A
three-way ANOVA on presentation frequency (2, 3, or 4),
encoding condition, and stimulus word type revealed main
effects of stimulus word type, F(1, 63) = 6.02, p < .02, MS.
= .084, and frequency, F(2, 126) = 8.97, p < .001, MS. =
0.132, but no effect of encoding condition (p > .15). An
interaction between word type and encoding condition, Fi (1,
63) = 13.12, p < .001, MS, = 0.084, reflected the subjects’
difficulty in settling on a particular numerical associate to a
filler word and in generating a single word associate for a
critical word. A marginal Word Type X Frequency interac-
tion, F(2, 126) = 3.05, p = .05, MS, = 0.046, reflected the
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finding that the number of associates generated was more
influenced by the frequency of the filler words than of the
critical words.

Experiment 3

Experiment 1 demonstrated an interfering effect of numer-
ical associates on frequency judgments. Experiment 2 repli-
cated the findings of Experiment 1 and further showed that
the major locus of that interference is at encoding rather than
at retrieval. However, there were several limitations of those
studies that deserve attention. First, the order of stimulus
presentation and the assignment of stimuli to presentation
frequencies were not randomized for each subject in Experi-
ments | and 2. Also a more precise matching of the critical
words and the filler words in terms of word length and
linguistic frequency is needed to rule out the possibility that
the effect on the critical words of number encoding is due to
some unique idiosyncracy of these words having nothing to
do with their numerical meaning. Finally, it is possible that
the poorer frequency estimates in the conditions with numer-
ical associates was a function simply of poorer memory overall
in these conditions. If this were so, an interpretation based on
the numerical meaning of these words would be compro-
mised. Experiment 3 addresses all of these concerns.

Method

Subjects. The subjects were 28 University of Michigan and 33
Stanford University undergraduates who either participated as part
of a course requirement or were paid. None of the subjects had
participated in either of the previous experiments.

Materials. The stimuli were nearly identical to those used in
Experiments { and 2. Twelve of the original filler words were ran-
domly selected and removed. They were replaced by 12 new filler
words that were matched to particular critical words on length and
linguistic frequency. The matched filler words were linked to the
corresponding critical words so that they also matched on presenta-
tion frequency. For each subject, the unmatched filler words were
randomly assigned presentation frequencies of 1 through 4 such that
5 words appeared with each frequency. The critical words were
randomly assigned presentation frequencies 1 through 4 with the
constraints that (a) no word be assigned a frequency that equaled its
associated value (e.g., twins was never assigned the frequency value
2), and (b) no words with the same associated values be assigned the
same presentation frequency. The matched filler words, of course,
were presented as many times as their linked critical words were
shown.

Procedure. The procedure was similar to that of Experiment 1.
However, each subject viewed a different random ordering of the
stimuli. As in the previous experiments, at least three other words
intervened between repetitions of a word.

As in Experiments 1 and 2, one half of the subjects generated word
associates to the stimuli (n = 31), whereas the remaining subjects
generated number associates (n = 30). After the presentation, one
half of the subjects in each associate condition (word condition, n =
16; number condition, n = 15) were given an unexpected test of
frequency estimation, and the remaining subjects were given an

unexpected free-recall test for the words that had been used in the -

slide presentation (word condition, n = 15; number condition, » =
15).

Resulis and Discussion

The free-recall data indicated that the stimuli were just as
well remembered in the number associate condition as in the
word associate condition. Subjects in each condition recalled
the same percentage of words overall (word condition: 40.7%,
SD = 10.0; number condition: 41.3%, SD = 9.8), 1(27) =
—.16). In addition, the same number of the words recalled
were actually critical words (word condition: 37.8%, SD =
8.2; number condition: 37.6%, SD = 8.3), 1(27) = .04. There-
fore, any effect of associate condition on frequency judgments
cannot be attributed to overall memory differences between
the two groups of subjects.

In Figure 6, the frequency estimates for the word-encoding
condition are shown (Figure 6a), and the estimates for the
number-encoding condition are plotted (Figure 6b). As in
Experiments 1 and 2, subjects were clearly sensitive to pres-
entation frequency. This was confirmed by an omnibus
ANOVA including the factors of frequency, word type, and
encoding condition. Frequency estimates increased reliably
with actual frequency, F(3, 87) = 197.45, p < .001, MS. =
0.318.

The frequency estimates given for the unmatched filler and
matched filler words did not differ from each other. The
estimates for the critical words, however, were less accurate
than those for the filler words. This is evidenced by the slopes
of the estimates for the filler words being closer to 1.0 (perfect
performance) than are the slopes of the estimates for the
critical words. Also the estimates for the filler words are closer
in absolute magnitude to the true frequencies.

Two analyses confirmed these observations. First, the om-
nibus ANOVA revealed a main effect of word type, F(2, 58)
= 19.06, p < .001, MS. = 0.179, indicating that the critical
words were given higher estimates overall and a Frequency X
Word Type interaction, F(6, 174) = 7.72, p < .0001, MS, =
.248, suggesting that the slope of the critical word estimates
was flatter than that of the unmatched filler and matched
filler word estimates. Second, the slopes for each subject’s
critical word (word condition: M = .53, SD = .30; number
condition: M = .36, SD = .21), unmatched filler word (word
condition: M = .74, SD = .24; number condition: M = .70,
SD = .21), and matched filler word (word condition: M =
.84, SD = .29; number condition: M = .75, SD = .27)
frequency functions were calculated. These slopes were sub-
jected to a two-way ANOVA with word type and encoding
condition as the independent variables. The analysis indicated
a main effect of word type, F(2, 58) = 28.1, p < .001, MS. =
0.037, and Tukey’s method of multiple comparisons con-
firmed that the slope for the critical words differed from both
the unmatched filler and matched filler words, which were
not different from each other.

Therefore, we have evidence that the interference effect
demonstrated in Experiments 1 and 2 was not simply an
idiosyncratic result of the particular word frequencies and
presentation order. Both the presentation order and the as-
signment of words to frequencies were random for each
subject in this experiment. We also now have evidence that
the differences between the filler words and the critical words
found in Experiments 1 and 2 were not simply caused by
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Figure6. Estimated versus actual frequency for the critical and filler
words of Experiment 3 for (a) the word-encoding condition and (b)
the number-encoding condition.

some extraneous variable such as word length or linguistic
frequency. The matched filler words were carefully matched
(word by word) to the critical words, and the estimates for
those fillers do not differ from the estimates for the original
set of unmatched filler words.

As in Experiments | and 2, we examined the effect of
numerical distance between a critical word’s inherent associ-
ative value and its presentation frequency. Figure 7 plots
accuracy of frequency estimates against distance value as in
Figures 2 and 5. Note that, for this experiment, there were no
distance zero words. Instead, there were six words with dis-
tance 1, four words with distance 2, and two words with
distance 3. This change in distance values was made to
increase the power of the distance analysis. The particular
words at each distance were different for each subject. An
ANOVA on the data in Figure 7 with factors of encoding
condition and distance indicated that there were no reliable
effects of condition or distance. A marginal Distance x Con-
dition interaction was found, F(2, 58) = 3.26, p < .06, MS,
=0.216.

A closer examination of the estimates revealed that subjects
are not merely substituting the associate value for the pres-
entation frequency when making a frequency estimate. The
probability of reporting the associate value rather than the
frequency actually decreased with increasing distance. That
is, for distances 1, 2, and 3, the probabilities of reporting the
associate value as the frequency were .278, .133, and .067,
respectively, for the numerical associate condition, linear
trend not significant: F(1, 2) = 21.4, p < .14, MS, = 0.001;

2.0 9
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1.54

—o— Number associate condition

1.0 4
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Mean |Estimate-Presentation Frequency|
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|Associate-Presentation Frequency|

Figure 7. Accuracy of frequency estimates as a function of distance
value for the critical words of Experiment 3. (Data are plotted for
both the number- and the word-encoding conditions.)
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and .208, .109, and 0, respectively, for the word associate
condition, linear trend: F(1, 2) = 129792, p < .02, MS, =
0.00002. The increase in the amount of error in the numerical
associate condition as distance increased was not caused by a
substitution of the associate value for the presentation fre-
quency in the estimate.

The number of associates generated did not differ between
encoding conditions and thus cannot account for the interfer-
ence effect. A three-way ANOVA on frequency, encoding
condition, and word type revealed a main effect of frequency,
F(2, 54) = 3.62, p < .05, MS, = 0.048." A Word Type X
Condition interaction showed that critical words were given
more associates in the word associate condition, whereas filler
words were given more associates in the number associate
condition, F(1, 27) = 31.25, p < .0001, MS, = 0.070. If
number of associates generated were responsible for the dif-
ference in frequency estimates, then the critical words should
have been given more accurate estimates in the word associate
condition. Looking back at Figure 6 shows that this was not
the case. In addition, a three-way interaction with frequency,
word type, and condition, F(2, 54) = 7.81, p < .01, MS, =
0.027, revealed that, for filler words, the word associate con-
dition led to number of associates generated decreasing with
frequency but the number condition led to number of asso-
ciates increasing with frequency. For the critical words, the
word associate condition led to number of associates gener-
ated increasing quite a bit with frequency, but in the number
associate condition number of associates increased only
slightly with frequency.

General Discussion

Experiment | provided evidence of an interference effect
between a task requiring the generation of numerical associ-
ates and one requiring the generation of frequency estimates.
Our analyses suggest that this effect is not due simply to the
sheer number of associates generated; rather, it is apparently
due to the numerical nature of these associates. Experiment
2 replicated this effect and showed that the major (perhaps
exclusive) locus of this effect was the encoding of stimuli.
Little interference seemed to occur when the numerical asso-
ciates were generated only at the time of testing. Experiment
3 replicated and extended Experiments 1 and 2, demonstrat-
ing that the effect of type of associate at the time of encoding
is not a general memory effect but rather is specific to fre-
quency judgments.

It might be argued that the interference effect we have
demonstrated was not caused by the numerical nature of the
critical words but rather by their close similarity to one
another.? Such an account of the data is consistent with
Hintzman’s (1988) MINERVA 2 model of memory. Accord-
ing to that model, stimuli that are more similar to each other
than to the other stimuli will be given higher trequency
estimates. At first glance, the data presented here seem to be
explained merely by such similarity effects. However, data
collected by Jones and Heit (1991) indicate that the amount
of frequency overestimation associated with semantically sim-
ilar stimuli in a task much like the present one is approxi-
mately constant across presentation frequencies 0 to 7. The

interference effect we demonstrated does not involve constant
overestimation across even the frequencies 1 to 4. So it seems
quite unlikely that the similarity of the critical words could
completely explain the numerical interference effect.

Our favored account of these effects is based on the proposal
that a direct code for frequency is constructed and stored at
the time of an item’s appearance in a given context (see
Howell, 1973; Underwood, 1969, for discussions of similar
proposals). The nature of this direct code is such that its
creation requires the activation of a numerical coding system,
just the one that is activated by the natural associates of some
of the words we used in our experiments. Because there is a
common system activated, interference is caused between the
two codes.

Why has evidence for such an interference effect not been
generated previously? In fact, it has. The data collected and
cited by Whitlow and Skaar (1979) showed a systematic
interaction of frequency estimates with other numerical in-
formation in their task as we argued earlier. Their interpre-
tation of these data does not make this interaction obvious,
but an effect does appear to be present. We suspect that the
failure of Hintzman et al. (1982) to find an effect is due to
the fact that, in their tasks, the generation of a frequency code
and the generation of an associative code were not the re-
sponsibility of the same system. The associative code was
generated by the experimenter and merely stored by the
subject, whereas the frequency code was internally generated
by the subject.

Suppose, then, that a direct code does play a role in fre-
quency coding. What is its role? One thing is clear: A direct
code is not the only one used in the estimation of frequency.
Ample evidence now exists to implicate an indirect coding
mechanism of some sort. The likeliest possibility for this
mechanism is one based on the multiplicity of traces that is
formed with repeated presentation of an item (see, e.g., Hintz-
man, {988, for a review of evidence about the plausibility of
such a mechanism). Therefore, if a direct coding model is to
have any currency, it must be one in which a direct code and
an indirect code are combined during frequency estimation.

Our present data do not permit unambiguous inferences
about the nature of the integration process between the pre-
sumed direct and indirect codes. In fact, several possibilities
are open. One is that a direct code serves as the basis of
Jjudgment when there is a subjective feeling of confidence in
its accuracy; but when this fails, an indirect code acts as the
default source of information about frequency. This would
be consistent with a regular feature of the data from both
Experiments 1 and 2: The greatest interference of the number-
encoding instruction was on the lowest frequencies. If readers
consult Figures 1, 3, 4, and 6, they will see that the difference
in frequency estimates between the numerical and word as-
sociate conditions was greatest for frequencies 1 and 2 and

' The data from 2 subjects were not included in this analysis. For
I subject, the associate booklet was lost. For the second subject, the

" data file containing information about that subject’s presentation

order was lost, rendering the generated associates impossible to ana-
lyze.
* This point was brought to our attention by David Bryant.
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least for frequencies 3 and 4. If a direct code were the first
line of information regarding frequency, it seems reasonable
to suppose that it would have greater subjective validity the
lower the frequency. At lower frequencies, the subject has
done less updating of the code, and so there might be less
opportunity for misremembering the current value of fre-
quency assigned to an item.

An alternative model combines direct and indirect codes:
It may be that the two sources are separately evaluated, and
their outputs are combined in a weighted manner to arrive at
an overall impression of frequency. This could also be con-
sistent with the amount of interference caused by numerical
associates as a function of frequency. The relative weight
assigned to a direct code might be greater at lower frequencies,
and so the interference caused by a competing numerical code
could be greater.

Yet another possible model is based on the principle of
anchoring and adjustment (Tversky & Kahneman, 1974).
According to this model, one source of information about
frequency would serve as the basis for creating an anchoring
value, and this value would be adjusted by the other source
of information. For example, the direct code might provide a
“ballpark” estimate of frequency for an item, and this anchor
would then be finely tuned on the basis of the multiplicity of
traces stored for that item. Jonides, Jones, and Smith (1991)
reported evidence that implicates an anchoring and adjust-
ment mechanism in the production of frequency judgments,
making this model a viable option.

At present, there is insufficient evidence to discriminate
among alternative models that combine direct and indirect
codes for frequency, both the ones speculatively cited here
and others. However, there is sufficient evidence to advocate
the position that both direct and indirect representations are
involved in the encoding of frequency information.
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