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Probability judgment and subadditivity:
The role of working memory capacity and
constraining retrieval
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In this research, we examined the role that individual differences in working memory (WM) capac-
ity, the strength of alternatives, and time constraints play in probability judgment and subadditivity.
With a laboratory-based learning task, Experiment 1 revealed that the degree to which participants’
probability judgments were subadditive was negatively correlated with a measure of WM capacity, even
when variance due to short-term memory capacity was removed. In addition, participants were more
subadditive when the viable alternativeswere all rather weak. Experiment 2 extended the WM-capacity—
subadditivity correlation to a population judgment task and revealedthat subadditivity increases when
the judgment task is performed under time constraints. Results support a model that assumes that peo-
ple make probability judgments by comparing the focal hypothesis with relevant alternativesretrieved
from long-term memory and that people high in WM span include more alternativesin the comparison
process. Time constraints are assumed to truncate the alternative generation process, leading to fewer

alternatives being recalled from long-term memory.

A fundamental assumption of many models of human
probability judgmentis that judgments are made by com-
paring the focal hypothesis with one or more alternative
hypotheses. For example, Windschitl and Wells (1998)
proposed that participants judge the focal hypothesis by
using a comparison heuristic in which the strength of the
focal hypothesis is compared with the strongest single al-
ternative. Tversky and Koehler’s (1994) support theory
proposed that people judge the focal hypothesis by as-
sessing the balance of evidential support in favor of the
focal hypothesis versus alternative hypotheses. Finally,
Dougherty, Gettys, and Ogden’s (1999; Dougherty, 2001)
Minerva-DM (MDM) model assumed that the probabil-
ity of an individual hypothesisis given by the ratio of the
memory strength of the focal hypothesis to the memory
strengths of the alternative hypotheses. Although these
theories propose slightly different mechanisms for how
probability judgments are made, all explicitly assume
that the to-be-judged hypothesis is compared with at
least one alternative hypothesis.

The nature of the comparison process has important
consequences for the accuracy of probability judgments.

This material is based on work supported by the National Science
Foundation under Grant SES-0134678 and by the University of Mary-
land Graduate Research Board. The authors thank Brandon Abbs for
assisting in data collection and Rickey Thomas, Thomas Wallsten, Kent
Norman, Ana Franco-Watkins, and Amber Lehman for providing feed-
back on earlier drafts of this article. Correspondence concerning this ar-
ticle should be addressed to M. R. P. Dougherty, Department of Psy-
chology, University of Maryland, College Park, MD 20782 (e-mail:
mdougherty @psyc.umd.edu).

Copyright 2003 Psychonomic Society, Inc.

For example, Windschitl and Wells (1998) found that
verbal probability judgments were sensitive to the distri-
bution of alternative hypotheses. In one study, partici-
pants played a hypothetical lottery with five other “play-
ers” and were asked to estimate the likelihood that they
would win the lottery, given that they held 21 tickets. In
one condition, the five other players held 14, 13, 15, 12,
and 13 tickets. In another condition, the five players held
52, 6, 2,2, and 5 tickets. The participants’ judgments
were lower for the second distribution than for the first
even though the objective probability of the participant’s
winning was .24 for both conditions (e.g., they held 21
out of 88 total tickets). Windschitl and Wells argued that
judgments were lower for the second distribution be-
cause the participants compared the number of tickets
they held with the number of tickets held by the domi-
nant alternative. Thus, according to Windschitl and
Wells, the judged probability of the focal hypothesis de-
pends on a comparison with the strength of the strongest
alternative (see also Windschitl & Young, 2001; Wind-
schitl, Young, & Jensen, 2002).

Windschitl and Wells’s (1998) comparison heuristic is
a special case of Tversky and Koehler’s (1994) support
theory. According to support theory, judged probability
is given by the ratio of evidential support for the focal
hypothesis versus the alternative hypothesis:

_ s8N
P(A.B)= s(A)+s(B)’

where p(A, B) is the probability of Hypothesis A rather
than B and s(A) and s(B) are the support in favor of A
and B, respectively. Consider the judgment p(rain to-

(1)
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morrow, not rain). The focal hypothesis, rain, can be
compared with either an implicit disjunction of not rain
(called an implicitly packed hypothesis) or an explicit
disjunction of not rain that consists of elements of not
rain (e.g., snow, sleet, hail, sunshine, cloudy, all others).
Tversky and Koehler argued that support was more eas-
ily generated for explicit disjunctions than for implicit
disjunctions. Thus, the judged probability of the focal
hypothesis tends to be larger, when compared with the
implicit disjunction, because the support generated for
the implicit disjunctionis less than the support generated
for the elements of the explicit disjunction. One conse-
quence of failing to generate adequate support for an im-
plicit disjunction is that judgments of implicit disjunc-
tions will tend to be subadditive with respect to the sum
of the judged probabilities of the corresponding explicit
disjunctions (Fox & Tversky, 1998; Koehler, 2000; Mul-
ford & Dawes, 1999; Tversky & Koehler, 1994). In the
context of the weather example, the support for not rain
would be less than the sum of the support for the ele-
ments of not rain. Thus, p(rain) will be lower when the
support for rain is compared with the explicit disjunc-
tion of not rain.

A third model that assumes a comparison process is
Dougherty et al.’s (1999) MDM model. Although MDM’s
comparison process is consistent with support theory, it
diverges from support theory and the comparison heuris-
tic in that it provides a mechanism by which the strength
of the various hypotheses (i.e., their support) is assessed.
According to MDM, the probability of the focal hypoth-
esis is given by the ratio of the memory strength for the
focal hypothesis to the sum of the memory strengths for
all explicitly considered alternative hypotheses (see also
Dougherty, 2001), where the memory strengths are de-
rived using a global memory matching process.

We assume that the probability question prompts par-
ticipants to generate alternative hypotheses. Returning
to the weather example, if participants are asked to judge
p(rain), it is assumed that they generate elements of not
rain. Thus, if the decision maker generates only the
sunny hypothesis, then p(rain, not rain) = ms(rain)/
[ms(rain) + ms(sunny)], where ms = memory strength.
However, if the decision maker generates sunny, sleet,
and snow, then p(rain, not rain) = ms(rain)/[ms(rain) +
ms(sunny) + ms(sleet) + ms(snow)]. Generally, the more
alternatives included in the comparison process, the
lower the judged probability of the focal hypothesis. Be-
cause some hypotheses can contribute greater strength
values than other hypotheses can, the judged likelihood
of the focal hypothesis depends on the strength of the al-
ternatives, not merely on the number of alternatives.
Thus, the judged probability of the focal hypothesis is
assumed to decrease as the overall strength of the ex-
plicitly considered alternatives increase.

Note that using the ratio of memory strengths for the
focal hypothesis versus the alternatives ensures that the
sum of the probabilities for all explicitly considered hy-
potheses is 1.0. In other words, the total probability is
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partitioned across all explicitly considered hypotheses
(cf. Fox & Rottenstreich, 2003). For example, suppose
that one judges p(rain, not rain), p(snow, not snow),
p(sleet, not sleet), and p(sunny, not sunny) and always in-
cludes the three nonfocal alternatives in the comparison
process [i.e., when judging p(rain, not rain), one consid-
ers snow, sleet, and sunny]. We assume that the proba-
bilities of these four hypotheses form an implicit parti-
tion of the probability space and, therefore, are additive.
We refer to this assumption as constrained additivity (an
extension of binary complementary), because additivity
is assumed to be constrained to the explicitly considered
alternatives. Note that increasing the number of alterna-
tives leads the total probability to be divided among
more alternatives.

The discussion above suggests that judged probability
decreases as a function of increases in the number and
strength of the explicitly considered alternatives. Of im-
portance for the present paper are the processes that gov-
ern how many and which alternatives are explicitly con-
sidered. In this article, we consider two such processes:
(1) working memory (WM) processes and (2) long-term
memory (LTM) retrieval. We propose that the number of
alternatives included in the comparison process is inti-
mately tied to individual differences in WM capacity and
to the amount of time one has to generate relevant alter-
natives from LTM.

Working Memory Capacity

Recent research on WM theory has revealed that one
of the primary functions of WM is attentional control
and that measures of WM capacity reflect individual dif-
ferences in participants’ ability for controlled attention
(Cowan, 1999; Engle, 1996; Engle, Tuholski, Laughlin, &
Conway, 1999; Kane, Bleckley, Conway, & Engle,2001).
In agreement with Baddeley’s (1993; Baddeley & Hitch,
1974) conception of the central executive, Engle et al.
(1999) proposed that WM capacity reflects one’s ability
to maintain information in the focus of attention in the
face of distracting or interfering stimuli. WM capacity
was distinct from short-term memory (STM) capacity in
that STM capacity was assumed to reflect the relatively
passive maintenance of knowledge units. Similarly,
Cowan (1999) argued that the contents of WM consisted
of a subset of STM—the part of STM in the focus of at-
tention. Measures of WM span have been proposed to cap-
ture one’s ability for sustainable controlled attention—
a process necessary for both maintaining goal- or task-
relevant information in the focus of attention and in-
hibiting goal- or task-irrelevant information from enter-
ing the focus of attention (Conway, Cowan, & Bunting,
2001; Engle, 2002; Kane et al., 2001).

We assume that WM capacity is fundamental to the
accuracy of probability judgments, inasmuch as one’s
capacity should determine the number of relevant alter-
native hypotheses that can be maintained in the focus of
attention and included in the comparison process. As-
suming that participants compare the focal hypothesis
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with relevant alternatives, we hypothesized that the
number of alternatives with which the focal hypothesisis
compared is constrained by one’s WM capacity—one’s
ability to maintain alternative hypotheses in the focus of
attention while forming a probability judgment.
Although no research has directly examined the role
of WM capacity in probability judgment, several studies
have suggested that it is important. Mehle (1982) noted
that auto mechanics tended to consider from four to six
total hypotheses, or causes of auto failure. Elstein, Shul-
man, and Sprafka (1978) observed that expert physicians
tended to think of approximately four alternative diag-
noses prior to settling upon one. Finally, Dougherty, Get-
tys, and Thomas (1997) revealed that participants spon-
taneously considered only around two alternative causal
scenarios when asked to judge the likelihood of a partic-
ular causal scenario. In all cases, the total number of hy-
potheses participants considered approximated 4 + 1, the
number of chunks that can be reliably maintainedin WM
(Cowan, 2001). We argue that these findings are not co-
incidental but actually reflect WM limitations.

Recall and Time Constraints

A second variable that should affect the number of al-
ternatives included in the comparison process is the
amount of time available to generate alternatives. We as-
sume that the generation process involves recall from
LTM and that this process takes time to complete. The
more time one has to generate alternatives, the more al-
ternatives one should be able to retrieve. Thus, partici-
pants should be able to retrieve relatively more alterna-
tives in the absence of time constraints than when time
is limited, because time constraints should truncate the
memory search process. Assuming that judged probabil-
ity is based on the comparison of the strength of the focal
hypothesis with the strength of the generated alterna-
tives, judged probability should be higher, and more sub-
additive, when retrieval time is constrained.

Overview of Experiments

The purpose of the present research was threefold.
First, we sought to examine the extent to which the ten-
dency for judgments to be subadditive was affected by
the strength of the alternatives with which the focal hy-
pothesis was compared. According to all three theories
reviewed above, the judged probability of the focal hy-
pothesis should decrease as the strength (or support) of
the explicitly considered alternatives increases. In Ex-
periment 1, we manipulated the objective frequency of
the items within each distribution to alter the strength of
the alternatives. Thus, overall subadditivity should de-
crease to the extent that the judged probabilities of the
individual hypotheses in an explicit disjunction are dis-
proportionately affected by the strongest or most likely
alternatives (cf. Windschitl & Wells, 1998).

A second but related hypothesis concerns the effect of
placing time constraints on the hypothesis generation pro-
cess. We assume that time constraints lead participants

to consider fewer alternatives when judging the focal hy-
pothesis. In the context of the comparison process, par-
ticipants should provide higher probability judgments
when the generation process yields fewer alternatives.
Thus, in Experiment 2, we manipulated the amount of
time participants had to generate alternatives.

A third purpose of our research was to examine the re-
lationship between WM capacity and probability judg-
ment. We assumed that the number of alternatives with
which the focal hypothesis can be compared is limited
by one’s WM span—one’s ability to maintain the rele-
vant alternatives in the focus of attention. Participants
who can maintain, and compare, several alternatives
with the focal hypothesis should give lower probability
judgments and be less subadditive than participants who
can maintain, and compare, only one or a few alterna-
tives to the focal hypothesis (cf. Dougherty et al., 1997).
Thus, participants high in WM span should give lower
probability judgments and be less subadditive than par-
ticipants low in WM span, because high WM span indi-
viduals are presumed to compare the focal hypothesis
with relatively more alternatives than do low-span par-
ticipants. Moreover, if attentional control is the central
construct underlying the predicted negative correlation
between WM span and judgment, the relationship be-
tween WM span and judgment should remain significant
even after variance due to STM span is removed.

Our predictions can be derived straightforwardly within
the context of an experiment. In Experiment 1, partici-
pants viewed a simulated restaurant task in which they
learned how often each of four patrons ordered particu-
lar menu items from each of four different menus, with
each customer ordering from one and only one menu
throughoutthe course of the experiment. Each menu had
associated with it a particular distribution with which the
various menu items were ordered. For example, in the
20-30-14-2-2-2-2-2 distribution, one item was or-
dered 20 times, one item 30 times, one item 14 times and
so on. In the 20-10-9-9-8-8-8-2 distribution, one item
was ordered 20 times, one ordered 10 times, two were
ordered 9 times, and so on. The other two distributions
were 20-20-20-3-3-3-3-2 and 20-16-15-14-3-2-2-2.
Thus, over the course of the experiment, each customer
ordered the same number of menu items, but with dif-
ferent relative frequencies. After viewing the restaurant
simulation, the participants rated the likelihood of all 32
menu items from the four distributions. In an attempt to
measure hypothesis generation, the participants per-
formed a thought-listing task (Cacioppo & Petty, 1981)
for one item from each distribution. Thought listing is a
form of retrospective protocol analysis in which partici-
pants are asked to list those thoughts they had while per-
forming a task. In our case, the participants were in-
structed to list alternatives they thoughtof when making
their probability judgments.

Under the normative model, the sum of the eight prob-
ability judgments for each menu should be 1.0 (or 100%),
because the eight items constitute a complete partition-
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ing of the sample space. However, as was reviewed
above, considerable research has shown that judgments
are often subadditive, summing to greater than the total
possible probability (in this case 1.0). Thus, we expected
that judgments would be subadditive. Importantly, we
predicted that the degree to which judgments would be
subadditive would be affected both by the distribution of
the alternatives and by the participants’ WM spans.

The predictions regarding the effect of distributioncan
be derived using the objective frequencies as a measure of
strength and assuming that participants make each focal
judgment by comparing its strength with the strength of
a subset of alternatives in the distribution. Assume that
participants consider only the two strongest alternatives
within each distribution when judging each focal hypoth-
esis. For example, in the 20-30-14-2-2-2-2-2 distrib-
ution, the likelihood of the item that occurred 30 times
would be made by comparing it with the items that oc-
curred 20 and 14 times [ p(item 30) =30/(30 + 20 + 14) =
.47]. Likewise, when participants judge the likelihood of
an item that occurred 2 times, the judgment would be
based on the comparison between it and the two
strongest alternatives [2/(30 + 20 + 2) = .04]. Assuming
that all eight judgments within each distribution are
made similarly, subadditivity would be greatest for the
20-10-9-9-8-8-8-2 (sum of the probabilities = 1.92)
distribution and least for the 20-30-14-2-2-2-2-2
(sum of the probabilities = 1.19).!

In addition to examining overall subadditivity, we
were also interested in examining participants’ judg-
ments for the items that occurred 20 times in each dis-
tribution. Windschitl et al. (2002) revealed that partici-
pants tended to give higher probability judgments when
the focal events (i.e., items with a frequency of 20) are
embedded in the context of weak alternatives. Thus, in
addition to expecting an effect of distribution on subad-
ditivity, we expected an effect of distribution on judg-
ments of the items with a frequency of 20.

The contribution of WM span can be analyzed two
ways. First, we can examine the correlation between WM
span and subadditivity. As was previously stated, we pre-
dicted a negative correlation between WM span and sub-
additivity. However, there are two reasons that a negative
correlation might manifest. First, WM span might limit
the number of alternatives used in the comparison pro-
cess. If this were the case, the distribution of the alter-
natives should affect subadditivity regardless of one’s
WM span. Thus, isolation of participants high and low
on WM span should reveal that both groups are affected
by distribution. Second, WM span might be correlated
with crystallized intelligence, which might be related to
probability judgment. That is, it is possible that partici-
pants with high WM span scores also have knowledge
that judgments should be additive and, therefore, might
try to make their judgments additive. If this were the case,
distribution should have no effect (or at least a smaller
effect) among high-span participants. If high-span par-
ticipants try to force their judgments to be additive, the
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strength of the alternatives should be irrelevant. Thus,
isolation of participants high in WM span should reveal
no effect of distribution (or equivalently, there should be
a WM span X distribution interaction). In addition, we
might expect judgments from high WM span partici-
pants to approximate additivity.

There are two reasons a WM span X distributioninter-
action might obtain. The first reason was alluded to above.
WM span might be correlated with crystallized intelli-
gence, which might lead high-span participants to utilize
their knowledge of probability theory to force their judg-
ments to be additive. If this were the case, distribution
should have a smaller effect (or no effect) among high-
span participants than among low-span participants, be-
cause high-span participants should be additive regard-
less of distribution. Thus, the failure to find an interaction
would rule out the crystallized intelligence hypothesis.

The second reason that WM span might interact with
distribution has to do with the number of alternatives
used in the comparison process. Increasing the number
of alternatives in the comparison process might have a
larger effect for the even distributions (e.g., 20-10-10-
9-9-8-8-8) than for the uneven distributions (e.g.,
20-30-14-2-2-2-2-2). For example, assume that partic-
ipants always include the most likely alternatives in the
comparison process, that the number of alternatives gen-
erated is the same for each distribution,and that low-span
participants generate three alternatives and high-span
participants five alternatives. These calculationsyield an
interaction between WM span and distribution, with
high-span participants predicted to have subadditivity
scores of 1.09 and 1.42 and low-span participantsto have
scores of 1.19 and 2.06 for the 20-30-14-2-2-2-2-2
and 20-10-10-9-9-8-8-8 distributions, respectively.

One aspect of the experimental design that might un-
dercut such an interaction is that the strength of the alter-
natives is confounded with the accessibility of the al-
ternatives. Therefore, it is unclear whether participants
would generate the same number of alternatives for each
distribution, especially given that the distributions con-
tain alternatives that vary in strength. For example, items
that occurred only twice in the study phase would be less
accessible than items that occurred eight times. Thus, it
is possible that participants would think of more alter-
natives for the 20-10-10-9-9-8-8-8 distribution than
for the 20-30-14-2-2-2-2-2 distribution. To the degree
this is the case, any interaction between distribution and
WM span would be mitigated.

To summarize, we hypothesized greater probability
judgment and greater subadditivity for the distributions
that contained primarily weak alternatives (e.g., 20—10—
10-9-9-8-8-8). Second, we predicted that placing time
constraints on the generation process would lead to fewer
alternatives being included in the comparison process
and, consequently, to greater probability judgments and
greater subadditivity than when no time constraints were
present. Third, we predicted that probability judgments
and subadditivity would be correlated with a measure of
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WM capacity. Experiment 1 tested the first and third hy-
potheses, using a learning task. Experiment 2 tested the
second and third hypotheses, using a state populationjudg-
ment task.

EXPERIMENT 1

Method

Participants

The participants were 64 individuals from the University of
Maryland campus community, who responded to an advertisement
posted at various locations around campus. The participants re-
ceived $10 for partaking in the experiment.

Procedure

Each participant completed the entire experiment, including the
collection of individual differences data, individually in sessions
that lasted between 1 and 1% h.

Measures of WM span and STM span. Prior to beginning the
experimental task, each participant completed the operation span
(o-span) task as a measure of WM span and a simple word span task
as a measure of STM span (Conway & Engle, 1996; Turner &
Engle, 1989). The o-span task required the participants to retain a
list of words while solving mathematical problems. For example, on
successive presentations, participants would be shown (4*3) — 3 =
9 ? door, (4/2) + 3 =7 ? shoe, and so on. The participants were re-
quired to read aloud the equation, verify whether the equation was
correct, and then read aloud the word. After saying the word, the ex-
perimenter advanced to the next operation—word pair. This contin-
ued until the participant was prompted to recall the words in the
order in which they were presented. The participants were pre-
sented with 15 sets of equation—word pairs, with set sizes ranging
from two to six. Each set size occurred three times in random order.
Performance on the o-span task was given by the number of words
recalled in the correct serial position. The maximum possible score
was 60 if the participants correctly recalled all the words from the
15 lists perfectly. The simple word span task was similar to the
o-span task, with the following exceptions: (1) There was no sec-
ondary task (i.e., no math task) performed simultaneously with re-
membering the list of words, (2) the lists of words ranged from two
to seven items, and (3) the maximum number of words that could
be recalled was 81 (three blocks each of list lengths of 2, 3, 4, 5, 6,
and 7). Detailed descriptions of the o-span and simple word span
tasks are presented in Turner and Engle.

Practice session. Prior to engaging in the experimental task, the
participants completed a practice session that resembled the exper-
imental task. The practice session involved learning and then esti-
mating the likelihood of where two travelers went for vacation. The
participants were instructed to judge the likelihood of each focal
hypothesis (e.g., vacation destination) by thinking of relevant alterna-
tives. To encourage this, the participants engaged in a thought-listing
task in which they were to type into the computer the alternatives
they considered when making the judgment. This thought-listing
task was also implemented in our experimental task, but we ma-
nipulated whether the participants engaged in the thought-listing
task before or after making their probability judgments (see below).

Experimental task. The experimental design was a 4 (distribu-
tion of alternatives) X 2 (location of thought-listing task) mixed
factorial, with distribution manipulated within subjects and loca-
tion of the thought-listing task manipulated between subjects. The
experimental task involved a simulation of “days” in a restaurant.
The task included four menus with 8 items on each menu (total of
32 menu items). These menus were breakfast (bagel, Cheerios,
fried eggs, French toast, muffin, omelet, pancakes, waffle), snack
(almonds, apple, candy, Chex mix, popcorn, pretzels, French fries,
Hershey’s kiss), dinner (burger, chili, pasta, soup, steak, stir fry,

turkey, pizza), and dessert (apple pie, banana split, brownie, cake,
coffee, ice cream, pie, sundae). One simulated customer was asso-
ciated with each of the four menus (e.g., only Bob ordered from the
breakfast menu). Each day, each customer ordered one of the 8
menu items from the respective menu. The choice of menu item was
determined by a frequency distribution in which the items were pre-
sented at differing relative frequencies. Over the four menus, each
participant saw distributions of 20-30-14-2-2-2-2-2 (breakfast),
20-20-20-3-3-3-3-2 (snack), 20-16-15-14-3-2-2-2 (dessert),
and 20-10-9-9-8-8-8-2 (dinner). Items within each menu were
counterbalanced across relative frequencies, such that each item
within each menu occurred at each objective frequency for an equal
number of participants.

The participants proceeded through a series of “days,” during
which they saw each of the regular customers and what they or-
dered. Each “day” proceeded in the following manner: (1) an image
of Bob, an item from the breakfast menu, and the word “Breakfast,”
(2) Steve, a snack item, and “Snack,” (3) Tim, a dinner item, and
“Dinner,” (4) Dan, a dessert item, and “Dessert,” and (5) a picture
of a sunset that signified the end of the day. The participants saw
296 menu items over 74 days, with each menu item being presented
for 3 sec. To ensure that the participants were attending to the task,
we prompted the participants to recall the most recent item ordered
by a particular customer 12 times during the learning phase, with
each customer being used as the memory test item 3 times.

The probability judgment task followed the learning phase. Prior
to judging the full set of 32 items, half of the participants (chosen
at random) were presented with one menu item from each distribu-
tion that had occurred 20 times during study. These four items were
presented individually one at a time on the computer, and the order
was randomized for each participant. For each of these four menu
items, the participants were asked to (1) judge the probability that
the customer would order that menu item on the 75th day and (2) list
those alternatives they thought of while they were making their
probability judgment (this is referred to as the thought-listing task).
Tversky and Koehler (1994) proposed that participants were less
likely to generate alternatives without explicit instructions to do so.
Hence, this thought-listing task served to encourage the participants
to generate alternatives to compare with the focal hypothesis. The
remaining half of the participants were given the thought-listing
task at the end of the experiment. The generate-before condition
was included because we wanted to ensure that the participants
were sufficiently motivated, or encouraged, to think of alternatives
in the restaurant task. The generate-after condition was included to
examine whether having the participants generate in the restaurant
task per se had an effect on the degree to which they were subaddi-
tive. The location of the generation was a second independent vari-
able in our design, although we did not anticipate an effect of this
manipulation. Of note, we reasoned that the thought-listing proce-
dure might provide a weak measure of the participants’ ability to
generate or think of alternative hypotheses and that this might corre-
late with WM span. Also of note, examination of the thought-listing
data revealed that the participants listed only items that were on the
respective menus. For example, if the participants were judging a
breakfast item, they listed only other breakfast items in their thought
listings.

Immediately following either the learning phase (generate-after
condition) or the generation task (generate-before condition), the
participants judged the probability of each of the 32 menu items 1
at a time in random order. These 32 judgments (8 per meal) enabled
us to assess the degree to which the participants’ judgments were
subadditive—the degree to which the sum of the probability judg-
ments for each set of 8 menu items deviated from 100. Under the
normative model, the sum of the probabilities for each set of 8 menu
items should be 100, since the 8 items from each menu formed a
complete partitioning of the sample space. The scale used for all
the judgments was an 11-point scale (0%—impossible, 10%, 20%,
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30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100%—certain). Al-
though this scale is expressed in units of 10%, it is common for par-
ticipants to respond in increments of 5% or 10% even when given
an open-response scale (Budescu, Weinberg, & Wallsten, 1988;
Wallsten, Budescu, & Zwick, 1993). Care was taken to point out
that the judgments should be made by considering how often the
items had occurred throughout the entire experiment, not what had
been ordered most recently. This instruction was emphasized dur-
ing the practice session, as well as at the beginning of the judgment
phase in the restaurant task.

Results and Discussion

Table 1 shows the mean sum of the probability judg-
ments for the eight menu items from each distribution
for both the before and the after conditions. The degree
to which judgments were subadditive can be calculated
by subtracting 100 from the means. Individual ¢ tests re-
vealed that the mean sum of the eight judgments was sig-
nificantly greater than 100 for all four distributions (all
ps <.0001), indicating that the judgments were subaddi-
tive. In fact, an examination of individual participants’
judgments (averaged across distribution) revealed that
63 of 64 participants (98%) demonstrated subadditivity.

Distribution of alternatives. We hypothesizedthat the
degree of subadditivity would be sensitive to the distrib-
ution of the alternatives. Consistent with this hypothesis,
there was a significant main effect of distribution on the
degree to which the judgments were subadditive [F(3,60) =
15.88,MS,=1,175.7,p <.0001]. The participants’ judg-
ments were more subadditive when the distribution in-
cluded a few highly likely alternatives (20-30-14-2—
2-2-2-2) than when the alternatives were all relatively
unlikely (see Table 1). The effect of the location of the
generation task was nonsignificant [F(1,62) = 0.30,
MS,.=40,931,p > .20], although there was a significant
location X distribution interaction [F(3,60) = 3.51,
MS,.=1,175,p < .05]. An analysis of the simple effects
revealed that the effect of distribution was significant for
both the before [F(3,29) = 12.22, MS_ = 1,393.1, p <
.001] and the after [F(3,29) =5.07, MS,=958.4,p < .01]
conditions. The means for both the before and the after
conditions showed similar patterns: Subadditivity was
lowest for the two distributions that contained the
strongest alternatives (20-30—14-2-2-2-2-2 and 20-20-
20-3-3-3-3-2) and highest for the two distributions that
contained relatively weak alternatives (20—16—15-14-3—
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2-2-2 and 20-10-10-9-9-8-8-8). Post hoc analyses on
the between-subjects variable (before vs. after) failed to
reveal any significant differences for any of the four dis-
tributions, even using a liberal alpha of .10 for each of
the four comparisons. Given that none of these pairwise
comparisons were significant, we are hesitant to interpret
the location X distribution interaction. Collapsing across
before and after conditions, planned comparisons using
Bonferroni adjusted #s (alpha set at .008 per comparison)
revealed that all pairwise comparisons were significant,
except for the contrast between the 20-30-14-2-2—
2-2-2 and the 20-20-20-3-3-3-3-2 distributions. These
results clearly show that subadditivity was affected by
the distribution of alternatives.

There were no significant effects of distribution or lo-
cation of the thought-listing task on the number of alter-
natives the participants listed in the thought-listing task,
nor did these variables affect judgments of the items pre-
sented with a frequency of 20 (freq-20 and freq-20TL in
Table 2). The latter finding was surprising, especially
given that Windschitl et al. (2002) showed an effect of
distribution in a similar learning-based paradigm. We
discuss possible reasons for the failure to find such an
effect in the General Discussion section.

Recall that the participants judged one freq-20 item
from each distribution on two occasions: once in the con-
text of the thought-listing task (which took place either
before or after judging the exhaustive set of 32 items) and
once in the context of judging the 32 items. One might
raise two questions. First, were judgments of the freq-20
items affected by the thought-listing task? Second, did
having performed the thought-listing task affect the par-
ticipants’ judgments that were made subsequently in the
contextof judging the exhaustivelist of 32 items (a carry-
over effect of sorts)? That is, were judgments of the
items made while judging the exhaustive set influenced
by whether or not the thought-listing task came before
or after rating the exhaustive set?

The first of these questions can be answered by exam-
ining whether judgments for the freq-20 items were sig-
nificantly different for judgements made in the two dif-
ferent contexts. The second can be answered by examining
whether the context of the freq-20 judgments (during
thought listing vs. during the exhaustive set) interacted
with location (before or after) of the thought-listing task.

Table 1
Mean Sum of the Probability Judgments (With Standard Errors) for the Eight Items Within Each Distribution
for the Generate-Before and Generate-After Conditions in Experiment 1

Distribution
Generate 20-30-14-2-2-2-2-2  20-20-20-3-3-3-3-2 20-16-15-14-3-2-2-2  20-10-9-9-8-8-8-2
Condition M SE M SE M SE M SE
Before 243.4 16.4 249.4 17.7 265.3 19.3 307.5 21.3
After 245.0 17.3 240.0 17.8 255.9 18.4 269.4 20.5
Overall mean 244 .22 11.8 244.7a 12.5 260.6° 13.2 288.4¢ 14.8

Note—Distributions with different superscripts in the overall mean row are statistically different from one another by Bonfer-

roni adjusted ¢ (« = .008 per comparison).
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Table 2
Mean Judgments (With Standard Errors) for ?l:)eeFreq-ZO and Freq-20TL Items in Experiment 1
Distribution
20-30-14-2-2-2-2-2 20-20-20-3-3-3-3-2  20-16-15-14-3-2-2-2 20-10-9-9-8-8-8-2
Items M SE M SE M SE M SE
Freq-20 55.4 2.8 52.8 2.9 53.1 2.7 53.7 29
Freq-20TL 50.3 2.7 50.6 2.8 48.9 2.6 48.4 2.7

Note—Freq-20, items presented with a frequency of 20 during the probability judgment phase; Freq-20TL, items pre-

sented with a frequency of 20 during the thought-listing phase.

Collapsing across distributions, we found that judgments
of the freq-20 items were significantly lower when they
were made as part of the thought-listing task (M = 49.5)
than when they were made as part of rating all 32 menu
items [M = 53.8; F(1,62) = 25.46, MS, = 22.3,p <
.0001]. Note, however, that the participants overesti-
mated the objective probability of the focal (.40) in both
cases. Interestingly, this did not interact with the loca-
tion of the thought-listing task [before or after rating the
32 items; F(1,62) = 0.55, MS, = 691.0,p > .10]. This sug-
gests that having the participants engage in the thought-
listing task at the beginning of the experimentdid not af-
fect how they rated the same freq-20 items when they
were judged in the context of all 32 menu items. How-
ever, it also suggests that the thought-listing task affected
how the participants rated the hypotheses that they
judged as part of the thought-listing task. Judgments
were lower when made in the context of the thought-list-
ing task.

WM span and probability judgment. Our second
set of hypotheses concerned the relationship between
WM span and subadditivity, and between WM span and
freq-20 items. Table 3 presents the zero-order correla-
tions between WM span, STM span, subadditivity, and
freq-20 made in the context of judging the exhaustive
set, and the freq-20 items made in the context of the
thought-listing task (freq-20TL).2 The number of alter-
natives listed in the thought-listing procedure did not
correlate with WM span, STM span, subadditivity, or
freq-20 judgments. However, as can be seen, both WM
span and STM span correlated significantly with the
sum of the probability judgments and the freq-20 judg-
ments.

We theorized that WM span, not STM span, was the
crucial component underlying individual differences in

probability judgment. If this is true, WM span should re-
main a significant predictor even after variance due to
STM span is partialled out. Table 4 presents these partial
correlations. The relationship between WM span and the
sum of the probability judgments and between WM span
and freq-20TL judgmentsremained significant even after
controlling for variance due to STM span. In contrast,
the correlations between STM span and subadditivity
(r=—.15,p=.22)and STM span and freq-20 judgments
(r=—.10, p = .42) with WM span partialled out were
quite small and nonsignificant.

To get a better sense of the relationship between WM
span and subadditivity, we compared the mean sum of the
probability judgments for participants scoring in the high-
est and lowest thirds on the WM span task (see Figure 1).
Collapsing across distribution, the mean sum of the prob-
abilities for high-span participants (M = 218.8) was nearly
100 points lower than that for low-span participants [M =
311.5;1(44) = 3.18, p < .01]. Effect sizes calculated using
Cohen’s d revealed that this difference was quite large (d =
.93), indicating that nearly a full standard deviation sepa-
rated the high- and the low-span participants. The pattern
was similar for freq-20 judgments, with high-span partici-
pants (M = 47.3) providing lower estimates than did low-
span participants [M = 59.0; #(44) =2.04,p < .05;d = .68].
Together with the finding that WM span is correlated with
judgments even after partialling out STM span, this sug-
gests that the crucial factor was not merely the number of
alternatives the participants could passively maintain but,
rather, their ability to maintain alternatives in the focus of
attention while comparing them with the focal hypothesis.

One possible criticism of our analysis is that it is cor-
relational. Thus, it is possible that the relationship be-
tween WM span and subadditivity is mediated by crys-
tallized intelligence. Although our experiment does not

Table 3
Zero-Order Correlations for Main Dependent Variables in Experiment 1
STM Span WM Span Freq-20 Freq-20TL
WM span 556%H**
Freq-20 —.33%* —.32%
Freq-20TL —.20% —. 37 R
Sum of probability judgments —.35%%* — 42HE* R gk

Note—Freq-20, items presented with a frequency of 20 during the probability judgment phase; Freq-
20TL, items presented with a frequency of 20 during the thought-listing phase; STM, short-term memory;

WM, working memory. *p <.05. **p<.0l.

##%p < 001,

*HFEp <.0001.
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Table 4
Partial Correlations Controlling for Short-Term Memory Span
in Experiment 1

WM Span  Freq-20  Freq-20TL
Freq-20 —17
Freq-20TL —.26% 93k kok
Sum of probability judgments —.29% R EEEE 7R

Note—Freq-20, items presented with a frequency of 20 during the
probability judgment task; Freq-20TL, items presented with a frequency
of 20 during the thought-listing task; WM, working memory. *p <
.05, #F*¥p <.0001.

completely rule out this possibility, there are two aspects
of the data that argue against this interpretation. First, if
the participants high in WM span had knowledge that
judgments should sum to 100, presumably there should
be several participants who had additive judgments for at
least one of the four distributions. However, additivity
held only twice out of the 256 chances (64 participants
X 4 distributions = 256), and only 1 participant showed
superadditivity (judgments summing to less than 100).
Thus, any effect of knowledge on additivity was minimal,
since few participants showed overt signs of being able
to use their knowledge to produce additive judgments.

A second aspect of the data that can be examined is
whether the high- and the low-span participants were
equivalently affected by the distribution. Note that if the
high-span participants were trying to force their judg-
ments to be additive, there should be no effect of distri-
bution on their judgments or, minimally, a much smaller
effect of distribution. In contrast, if the participants used
a comparison process to make their judgments but the
high-span participants included more alternatives in the
comparison, both the high- and the low-span participants
should be affected by distribution. Thus, if the low-span

400
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participants were affected by distribution but the high-
span participants were not (or were affected to a lesser
degree), this would open up the possibility that part or all
of the correlation between WM span and subadditivity
was due to differences in knowledge of probability the-
ory. The failure to find such an interaction would lend
support for the idea that WM capacity constrains the
number of alternatives used in the comparison process.

Comparisons of the effect of distribution on partici-
pants’ scoring in the upper and lower thirds (see Fig-
ure 1) revealed a main effect of distribution [F(3,37) =
8.35,MS, =1,297.8, p < .01] and a main effect of WM
span [F(1,39) =11.37, MS, =39,878.1,p < .01] on sub-
additivity, with no distribution X WM span interaction
[F(3,37)=0.07,MS,.=1,297.8,p = .97]. Separate analy-
ses on low- and high-span groups confirmed that the ef-
fect of distribution was significant for both low-span
[F(3,18)=6.58, MS, = 1,485.2,p = .015] and high-span
[F(3,17) =3.31, MS, = 1,100.5, p = .04] participants.
Thus, distribution had an equally large effect on subad-
ditivity regardless of the participants’ WM span. In sum,
that in only 2 out of 256 chances did judgments sum to
100, together with the finding that distribution affected
high-span and low-span participants equally, suggests
that knowledge that judgments should be additive was
not a major factor in our results.

One question of interest is whether WM span medi-
ates the effect of distribution. That is, are the variance
accounted for by our independent variable and the vari-
ance accounted for by WM span independent? One way
to test this is to examine the effect of distribution with
and without WM span in the model and examine whether
the effect of distribution increases or decreases when
WM span is in the model, relative to when it is not in the
model. If the effect of distribution is mediated by WM

350 1
300 1

_I_

250

200 1

S 444444244
0066066864
B e i . . .

150 1

o 5q

Sum of Judgments

1SS0 400440444004
PEPE 449444044444

W Highest 1/3 @ Middle 1/3 O Lowest 1/3

_}

qL

}S 444056588488 88844 4
4244400400808 000404

2222

20-30-14-—2- 20-20-20-3—- 20-16-15—- 20-10-9-9-8-
3-3-3-2

143222 882

Distribution

Figure 1. Mean sum of the probability judgments for participants scoring in
the upper, middle, and lower thirds on the operation span task in Experiment 1.
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span, the amount of variance due to distribution (72)
when WM span is added to the model should decrease.
In contrast, if WM span accounts for a significant amount
of unique variance (i.e., reduces random error), the 72
due to distribution should actually increase when WM
span is included as a predictor, because inclusion of the
predictor would reduce the random error variance. Ex-
amination of the effect of distribution yielded F(3,60) =
15.89,p <.0001, and n? = .36 when span was not in the
model and F(3,59) = 2.83, p = .04, and 12 = .06 when
span was included in the model. Clearly, the effect of dis-
tribution was reduced when WM span was included in
the model, suggesting that WM span mediated the effect
of distribution.

EXPERIMENT 2

The purpose of Experiment 2 was twofold. First, we
wanted to extend our basic findings in Experiment 1 to
anovel task in order to explore the generality of the WM-
span—subadditivity relationship. Thus, rather than using
the restaurant task, we used a state population judgment
task in which participants rated the likelihood that a ran-
domly selected individual lived in a particular state. The
second purpose was to explore the effect of constraining
how much time participants had to retrieve alternatives
on subadditivity. We theorized that the hypothesis gen-
eration process requires the retrieval of alternatives from
LTM that are then used in the comparison process. As-
suming that hypothesis generation (i.e., recall from
LTM) takes time and that placing time constraints on the
judgment process truncates the generation process, we
hypothesized that the participants would be more subad-
ditive under time constraints than under no time con-
straints. In addition to addressing these two empirical
questions, we also changed how the participants re-
sponded with their probability judgments. Rather than
having the participants provide judgments in increments
of .10 by clicking on a button, we had them type their re-
sponses, using the keyboard. This enabled the partici-
pants to use the entire probability scale.

Method

Participants

Ninety-five participants completed the experiment. The partici-
pants were recruited through advertisements posted around the Uni-
versity of Maryland campus and were paid $13 for their participation.

Design

A 2 (time constraints: present or absent) X 2 (counterbalance
order: time constraints first or last) mixed factorial design was used,
with the presence or absence of time constraints as the within-subjects
variable and counterbalance order as the between-subjects variable.
Measures of WM capacity, STM capacity, and verbal fluency were
included to serve as predictor variables.

Procedure

Prior to the experiment, the participants were shown the map of
the entire United States partitioned into the regions defined by the
United States Census Bureau, shown in Figure 2. For each trial, the
participants were shown each state in the context of the appropriate

Northeast

Central

West

Figure 2. Top: Map of U.S. Census divisions used in Experi-
ment 2. Bottom: Example stimulus used in the state judgment
task, in which the participants are asked to judge P(California |
West).

region and were asked to judge the probability that a randomly cho-
sen person lived in a particular state, given the knowledge that they
came from that region. For example, “Imagine that I choose, at ran-
dom, one person who lives in the Western region. What is the prob-
ability that this person lives in California, given that he or she is
from the Western region?” The participants rated all the states from
all four regions. For half of the regions, judgments of state popula-
tions were made under time constraints. The participants were
given 6 sec to make these judgments. This time was set on the basis
of an estimate that was one standard deviation below the mean time
it took participants to make judgments in a pilot study using the
same task (see Svenson & Benson, 1993). In order to prepare the
participants for the speeded judgment task, they engaged in a
speeded practice session immediately prior to the judgment task.
The practice session consisted of 10 anagrams, each of which had
to be solved within 6 sec. Judgments that took longer than 6 sec
were followed by feedback saying “Please respond faster!” Then
instructions concerning the population judgment task were briefly
repeated, emphasizing both speed and accuracy. Finally, the partici-
pants were given states from two regions intermixed and were asked
to type a number between 0 and 100 indicating the probability that
arandomly selected individual from the region would reside in each
state. Each state was shown on an individual screen, and the com-
puter generated a random order of the states for each participant.

For the other half of the state judgments, the participants were
given no time limit and were encouraged to take as much time as
needed to make their judgments. The practice session for the non-
speeded judgment task encouraged careful thought, not speed.
Again, the participants were presented with 10 anagrams prior to
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making their judgments, but they were encouraged to give as many
solutions as they could without a time limit. The instructions for
the state judgments were briefly reviewed, stressing accuracy in-
stead of speed. Then, the participants judged state populations from
two regions, in the same format as that described above.

The order of the time constraint versus no time constraint condi-
tions was counterbalanced so that half of the participants received
time constraints first and the other half no time constraints first.
Within these conditions, the regions (South, West, Central, and
Northeast) were counterbalanced so that each region occurred in
the speeded and the nonspeeded condition for an equal number of
participants. The participants were randomly assigned to counter-
balancing condition.

Individual differences measures. Prior to the probability judg-
ment task, individual differences data on WM span, STM span, and
verbal fluency were collected. WM span and STM span were as-
sessed using the same tasks as those utilized in Experiment 1. In ac-
cord with Conway and Engle (1996) and Turner and Engle (1989),
an 85% criterion was set for accuracy on the concurrent mathemat-
ical verification task. Two participants whose performance fell
below this criterion were disqualified from the experiment. Verbal
fluency was measured using a category fluency task similar to that
used in Rosen and Engle (1997). The participants were given a cat-
egory name and then were asked to name as many exemplars from
that category as possible in 5 min. After each minute of the task,
they were asked to draw a line under what they had generated thus
far and to continue generating. The participants engaged in the cat-
egory fluency task twice, once for the category of animals and once
for the category of occupations . The total number of unique exem-
plars generated for each category was counted. A composite flu-
ency score was computed for each participant by converting their
scores for each category to z scores and averaging.

Results and Discussion

Ninety-five participants completed the study. Of these,
the data from 3 participants were eliminated because
they responded with the same probability for all 50 judg-
ments (2 of these participants gave judgments of 100 for
all 50 questions, and 1 participant gave judgments of 50
for all 50 questions). An additional 7 participants, whose
subadditivity scores were more than three standard devi-
ations above the group means, were identified as outliers
and were excluded from the statistical analyses. Of these
7 participants, 6 provided judgments that were in the hy-
pothesized direction and in the same direction as the over-
all group means. The data from these 7 participants are
presented in the Appendix.

Each participant judged all four regions of the U.S.:
two under time constraints and two with no time con-
straints. Judgments within each region were summed.
The two regions within each time constraint condition
were then averaged to get a mean sum of the probability
judgments from each participant for the time constraint
and the no time constraint conditions.

Manipulation Check

Table 5 presents the mean judgment reaction times
(RTs). An analysis of variance was conducted on RT, ex-
amining the effects of order and time constraints. As was
expected, there was a significant effect of time con-
straints on RT [F(1,83) = 86.58, MS, =5,781,6802, p <
.001]. The main effect was, however, qualified by a sig-
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Table 5
Mean Reaction Times in Milliseconds (With Standard Errors)
for the Time Constraint and No Time Constraint Conditions by
Order of Judgments

Time Constraints No Time Constraints

Order of

Judgments M SE M SE
First 4,393.86 173 9,191.8 681
Second 3,525.57 124 5,603.50 421

nificant interaction between counterbalance order and
time constraints [F(1,83) = 36.37, MS, = 5,781,680.2,
p <.001], as well as a main effect of the counterbalanc-
ing condition [F(1,83) = 8.17, MS_ = 9,586,451.4, p <
.01]. In the condition in which the no time constraint
condition came first, the RT for no time constraints ex-
ceeded all other conditions by at least 3 sec. More im-
portant, in the condition in which time constraints came
first, the no time constrained judgments were made in
5.7 sec, which was below the manipulated response
deadlinein the time constraint condition. As can be seen
in Table 5, the mean RTs for the time constraint and no
time constraint conditions were 4.39 and 9.19 sec, re-
spectively, for the first set of judgments, but were 3.52
and 5.6 sec for the second set of judgments, respectively.
Thus, our manipulation of time constraints (respond within
6 sec) was successful only for the first set of judgments.
Evidently, there were carryover or practice effects in the
second set of judgments that led the participants to re-
spond more quickly in the no time constraint condition
when they had received the time constraint condition
first.

Time Constraints and Subadditivity

We predicted that subadditivity would be greatest
under time constraints than under no time constraints.
We also speculated that participants high in WM span
might be less affected by time constraints than low-span
participants would be. However, given that our time con-
straint manipulation was successful only for the first set
of judgments, one might expect that time constraints
would affect only the first set of judgments. Model com-
parison procedures were conducted on the sum of the
probability judgments, with WM span, STM span, and
the verbal fluency composite scores as predictor vari-
ables, time constraint as the within-subjects variable, and
order of the time constraint manipulation as the between-
subjects variable. Verbal fluency and STM span did not
account for unique variance in the model and were, there-
fore, excluded from all the analyses.

Figure 3 presents the least-squared adjusted mean sub-
additivity scores for the time constraint and the no time
constraint conditions for the first and last sets of judg-
ments. Overall, there was a significant effect of time
constraints on the sum of the probability judgments
[F(1,82) =5.45, MS, =2,201.3, p < .05], a significant
time constraints X counterbalancing condition inter-
action [F(1,82) = 9.02, MS, = 2,201.3,p < .01], and a
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Figure 3. Mean sum of the probability judgments for the time
constraint and the no time constraint conditions for the first and
second blocks of judgments in Experiment 2.

time constraints X WM span interaction [F(1,82) =4.14,
MS, =2,201.3,p <.05], with WM span serving as a sig-
nificant negative predictor of subadditivity [F(1,82) =
5.08, MS, = 13,211.4,p < .05]. Although the three-way
counterbalance condition X time constraints X WM
span interaction was nonsignificant, examination of the
individualregression coefficients for the four conditions
revealed that the only condition in which WM span was
not a good predictor of subadditivity was under no time
constraints when the no time constraint condition fol-
lowed the time constraint condition. Thus, the time con-
straints X WM span interaction was likely due to the
carryover effect for the condition that received the time
constraint instructions first.

One way to examine the effect of time constraints and
its relationship with WM span devoid of carryover or
practice effects is to analyze only the first set of judg-
ments. Recall that half of the participants made judg-
ments under time constraints first, and the other half
made judgments under no time constraints first. Thus,
we conducted a between-groups analysis of covariance,
using WM span as the covariate. This test revealed main
effects of time constraints [F(1,84) = 3.44, MS, =
9,091.6, p = .06] and WM span [ = —2.79; F(1,84) =
5.92,MS, =9,091.6,p <.05], with a no time constraints X
WM span interaction (p = .87). This analysis suggests
that high- and low-span participants were equivalently
affected by the time constraint manipulation.

Correlational Analyses

Table 6 presents the zero-order correlations between
the main dependent variables in Experiment 2. These
correlations are consistent with Experiment 1: WM span
was negatively correlated with the sum of the probabil-
ity judgments. Although the correlation between WM
span and the sum of the probability judgments under no
time constraints was nonsignificant, it was in the same
direction as thatin the time constraint condition. Also of
note is that finding that verbal fluency was positively

correlated with WM span, but not with the sum of the
probability judgments. This may suggest that WM span
plays a mediating role between generation ability and
judgment.

In Experiment 1, we argued that the relationship be-
tween WM span and subadditivity was driven by atten-
tional control. This argument was based on the finding
that WM span remained a significant predictor of the
sum of the probability judgments after variance due to
STM was removed. Table 7 presents the partial correla-
tions controlling for STM span for Experiment 2. As in
Experiment 1, the correlation between WM span and the
sum of the probability judgments remained significant
and, in fact, actually increased when controlling for vari-
ance due to STM span. Also of interest is that the corre-
lation between WM span and judgments under no time
constraints approached significance. These results are
consistent with Experiment 1 and further support the
idea that attentional control is fundamental to probabil-
ity judgment.

GENERAL DISCUSSION

Our experiments revealed three important findings.
First, the degree to which the participants were subaddi-
tive was affected by the distribution of the alternatives.
We argue that this effect was due to a constraint on the
comparison process—the participants’ tendency to com-
pare the focal hypothesis with a subset of alternatives,
rather than with the exhaustive set (cf. Windschitl &
Wells, 1998). Second, we showed that the degree to
which the participants were subadditive was related to
their ability for sustainable controlled attention, as mea-
sured by WM span tasks. As was hypothesized, the par-
ticipants high in WM span were less subadditive than
were the participants low in WM span. Moreover, these
correlations remained significant even after variance due
to STM span was removed. Third, time constraints on
judgment led to increased subadditivity. We argue that
these results are consistent with a model that assumes
that judgments are based on a comparison of the strength
of the focal hypothesis with the strength of generated al-
ternatives. Importantly, our data indicate that the number
of alternatives participants include in this comparison
process is constrained by WM capacity and by the

Table 6
Zero-Order Correlations Between Main Dependent Variables
in Experiment 2

Time No Time
Constraints Constraints WM Span Fluency
No time constraints J703% %
WM span —.233* —.144
Fluency —.008 .091 2057
STM span —.127 —.072 341%* 2107

Note—Time constraints, sum of probability judgments under time con-
straints; no time constraints, sum of probability judgments under no time
constraints; WM, working memory; STM, short-term memory. *p <
05. *¥p<.01. **p<.001. fp=.06.
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Table 7
Partial Correlations for Main Dependent Variables When
Controlling for Short-Term Memory Span in Experiment 2

Time No Time
Constraints Constraints WM Span
No time constraints 681
WM span —.280%* —211f
Fluency —.077 178 125

Note—Time constraints, sum of probability judgments under time con-
straints; no time constraints, sum of probability judgments under no time
constraints; WM, working memory. **p <.0l. ***p <.00l. fp=
.06.

amount of time available for generating alternatives from
LTM.

One noteworthy finding was that we failed to find an
effect of distribution on the judged probability of the
freq-20 items, a finding that is inconsistent with recent
research by Windschitl et al. (2002). One possible ex-
planation for this failure to replicate Windschitl et al. is
that our judgment task differed from their standard par-
adigm, in that the participants in Windschitl et al. judged
the freq-20 items prior to judging any of the other items
in the distributions. In our study, the participants judged
the 32 alternativesin a random order or were required to
engage in alternative generation when making their
judgments. This may have had an effect on the nature of
the comparison process by enhancing the salience of the
alternatives. A second difference between our study and
Windschitl et al. was that we explicitly encouraged the
participants to think of alternatives with which to com-
pare the focal hypothesis. This may have prompted the
participants to consider more alternatives than they nor-
mally would have without such encouragement. Our task
was also somewhat more difficult than the task used by
Windschitl et al. Our experiment employed four different
distributions with eight items each. Windschitl et al.
used two distributions with five items each. Obviously,
we cannot specify which of these possible differences
led to our failure to find an effect of distribution on the
freq-20 items, but it does signal a need to explore the
boundary conditions of the effect.

Theoretical Implications

We began this article with a discussion of three mod-
els of probability judgment: the comparison heuristic
proposed by Windschitl and Wells (1998), support the-
ory proposed by Tversky and Koehler (1994), and MDM
proposed by Dougherty et al. (1999). Although all three
of these models assume a comparison process, none of
these models describes the processes that underlie the
comparison process. The main theoretical message of
the present research is that WM processes are paramount
to the comparison process and play an important role in
determining the accuracy of probability judgments.
More important, the present research indicates that mod-
els of WM should play a greater role in guiding theory
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development and research on hypothesis generation and
probability judgment.

One model that is a natural candidate to be extended
to account for both hypothesis generation and probabil-
ity judgment is MDM (Dougherty, 2001; Dougherty
etal., 1999). Although MDM assumes that judged prob-
ability is based on a comparison between the focal and
the explicitly considered hypotheses (see Dougherty,
2001), the model does not explicitly account for the role
of WM processes or attentional control in determining
how many alternatives are explicitly considered, nor
does the model include processes that enable it to gener-
ate multiple hypotheses from LTM from a single set of
cues. However, as the present research clearly indicates,
any adequate model of probability judgment needs to in-
clude both a limited capacity WM system and a process
for generating hypotheses. Below, we will discuss an ex-
tension of MDM, a model called HyGene, that we are
developing to account for the role of WM processes in
hypothesis generation and probability judgment. Be-
cause HyGene is still in the development stage, our dis-
cussion of the properties of the model will be brief.

As Gettys and Fisher (1979) point out, hypothesis
generation is the precursor to most real-world probabil-
ity estimation tasks, since in most cases the hypotheses
are not presented to the participant but must be generated
from LTM. Consequently, we assume that the generation
of hypotheses is initiated on at least two occasions:
(1) when participants are prompted to evaluate a partic-
ular hypothesis and/or (2) when data from a problem are
presented. We assume that data extracted from the judg-
ment task serve as the memory cues for initiating re-
trieval. The retrieval goal in hypothesis generation and
probability judgment tasks is to enumerate a set of rele-
vant alternative hypotheses. Importantly, the more relevant
the alternatives included in the comparison process are,
the more accurate the probability judgments should be
(cf. Dougherty & Hunter, 2003; Tversky & Koehler, 1994) 3
The original Minerva 2 model (Hintzman, 1988) in-
cluded a mechanism for modeling recall. However, overt
recall in Minerva 2 was limited to the retrieval of only a
single exemplar from LTM. Thus, in order to model hy-
potheses generation, HyGene allows for the recall of
multiple exemplars from LTM, using a single set of
memory cues.

Fisher, Gettys, Manning, Mehle, and Baca (1983)
showed that hypothesis generationinvolves a subprocess
called consistency checking. Consistency checking is a
process whereby hypotheses are checked for their logical
consistency with the available data and are rejected if they
are deemed inconsistent. Hypotheses deemed consistent
with the data are explicitly generated and brought into
WM for further processing. The consistency-checking
process is assumed to consist of a rapid semantic verifi-
cation process, not the explicit consideration of likeli-
hood (Dougherty et al., 1997; Fisher et al., 1983; Gettys,
Mehle, & Fisher, 1986).
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The generation of inconsistent or irrelevant hypothe-
ses is potentially problematic for two reasons. First, the
more time one spends retrieving inconsistent or irrele-
vant hypotheses, the less time there will be that will be
dedicated to retrieving relevant hypotheses. Second, ir-
relevant or inconsistent hypotheses that are temporarily
generated may interfere with the generation of relevant
hypotheses and/or take up space in WM. Thus, we as-
sume that the consistency-checking process also involves
an inhibition process, in which participants attempt to
suppress the regeneration of hypotheses that were previ-
ously deemed inconsistent. Thus, once a hypothesis has
been deemed inconsistent with at least a portion of the
data, it should be less likely to be regenerated even if it
is consistent with data that becomes available later in the
task. Such inhibition processes have been shown to be
fundamental to performance on verbal fluency tasks
(Rosen & Engle, 1997) and in dealing with proactive in-
terference (Kane & Engle, 2000) and have been shown to
correlate highly with measures of WM span. We propose
that this same type of inhibition process underlies hy-
pothesis generation and the inhibition of irrelevant or in-
consistent alternatives.

Hypotheses that survive the consistency-checking
process possess the minimum requirements to be passed
onto the second process, the hypothesis evaluation pro-
cess. Once explicitly generated, hypothesesmay be placed
in the set of leading contenders (SOC). The SOC is a tem-
porary storage space for maintaining hypotheses in WM
while making a probability judgment. We assume that the
number of alternatives retained in the SOC is limited by
WM capacity. In most circumstances, it will be impossible
for the decision maker to retain all possible alternatives in
the SOC. Consequently, participants are assumed to re-
tain only a subset of the possible alternative hypotheses;
the choice of which hypotheses are retained is determined
by the relative memory strengths of the hypothesesin the
SOC. Thus, as hypotheses are generated from LTM and
passed onto the SOC, they are evaluated for memory
strength. New hypotheses that are generated replace old
hypotheses only if their strength is greater than the weak-
est member of the SOC or if hypotheses presently in the
SOC are inconsistent with newly available data.

The process of replacing members of the SOC on the
basis of familiarity strength has two consequences. One
consequence is that the criterion for adding new hy-
potheses to the SOVC becomes increasingly strict as a
function of time, because the minimum strength needed
to enter the SOC necessarily increases as weaker hy-
potheses are replaced by stronger hypotheses. In fact,
Gettys and Fisher (1979) revealed this to be the case:
They found that hypotheses added to the SOC later in the
generation process tended to be more likely than those
generated and added to the SOC earlier. The second con-
sequence is that the hypothesesultimately retained in the
SOC will tend to be the strongest contenders to the focal
hypothesis, which ultimately impacts judgment accu-

racy. The degree to which participants overestimate the
focal hypothesis should be less when the SOC contains
the strongest alternative hypotheses. In any event, al-
though the number of hypothesesin the SOC may remain
stable across time, the composition of the SOC likely
will change (Gettys & Fisher, 1979).

Exactly how the generation process is terminated is
uncertain. One possibility is that generation terminates
when all the data have been presented. A second possi-
bility is that termination is prompted by successive re-
trieval failures—the failure to generate new hypotheses.
Finally, time constraints may force the decision maker to
terminate search prematurely. In any event, once hy-
potheses have been generated from LTM and the SOC
sufficiently populated, we assume that the likelihood
judgment process is carried out using an MDM-type pro-
cess, where the judged likelihood of each hypothesis in
the SOC is determined by comparing its memory strength
with the sum of the memory strengths of all the other hy-
potheses in the SOC.

Prior research on hypothesis generation, coupled with
the present research, substantiates several components
of the model proposed above. The present data provide
evidence that the number of alternatives included in the
SOC is constrained by WM limitations and that the num-
ber of alternatives used in the comparison process is af-
fected by time constraints. Fisher et al. (1983) revealed
evidence consistent with the consistency-checking pro-
cess. They showed that (1) participants considered hy-
potheses not explicitly generated, (2) the time it took to
perform consistency checking was less than the time it
took to retrieve a hypothesis from LTM (suggesting that
the process involves a high-speed process), and (3) par-
ticipants rejected one to two hypotheses prior to explic-
itly generating a hypothesis. Similar findings were re-
ported by Dougherty et al. (1997). Gettys and Fisher
(1979) revealed evidence consistent with the SOC thresh-
old. In short, Gettys and Fisher found that participants
tended to become more selective in what hypotheses
were included in the SOC over time. Once the SOC was
filled, the minimum criterion for replacing an old hy-
pothesis with a new hypothesis was higher. Thus, the
threshold for generating a new hypothesis increased as a
function of the number of hypotheses already retrieved.

Summary

In summary, the results of our experiments provide
motivation for developing models of probability judg-
ment that explicitly model the contribution of WM pro-
cesses. As was mentioned in the introduction of this
paper, none of the current models of probability judg-
ment, including MDM, address how people generate or
think of alternative hypotheses, nor do they address the
processes responsible for maintaining those hypotheses
active in memory when forming probability judgments.
Instead, most models only go so far as to describe the
processes that govern how people assess the likelihood
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of prespecified hypotheses. Interestingly, in most real-
world judgment tasks, the decision maker is required to
generate the to-be-judged alternatives prior to assessing
their likelihood. For example, a physician must generate
or retrieve from LTM a set of possible diagnoses, on the
basis of the available pattern of symptoms, prior to stat-
ing their diagnosis. The present research suggests that
how people generate and assess the likelihood of hy-
potheses is intimately tied to both LTM retrieval pro-
cesses and WM limitations. Certainly, to gain a fuller
understanding of the processes underlying probability
judgment, theories of judgment that explicitly model
these components will need to be developed.
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NOTES

1. These predictions can be derived by computing what the probabil-
ity would be for each focal hypothesis if it were compared only with the
two strongest alternatives and then summing over the eight predicted
probabilities within each distribution. For the 20-30-14-2-2-2-2-2
distribution, the summed probability would be given by 20/(20 + 30 +
14)+30/(20+ 30+ 14) + 14/(20+ 30+ 14) + 5(2/[20+ 30 + 2]) = 1.19.
The corresponding sum of the probabilities for the remaining three dis-
tributions would be 1.33,1.51, and 1.92 for the 20-20-20-3-3-3-3-2,
20-16-15-14-3-2-2-2, and 20-10-9-9-8-8-8-2 distributions, re-
spectively.

2. These correlations were done by collapsing across distribution and
thought-listing condition.

3. This is readily seen by inspection of Equation 1 in the context of
support theory. The more alternatives unpacked from B, the lower the
overall probability of A.
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APPENDIX
Data From the 7 Participants Identified as Outliers

Mean Sum of Judgments

Participant Working Memory Time No Time
No. Span Score Constraints Constraints
102 23 936.5%* 915.5%
105 38 945.0%* 790.0*
151 21 916.0%* 794.5%
153 45 818.5* 398.5
160 30 874.5% 764.0%
177 29 668.0* 231.0
179 34 512.5 695.0*

Mean 810.14 655.50

Note—Participants were excluded from analysis if one score was more than three stan-
dard deviations above the condition means. Note that the mean sums of the judgments
for the time constraint and no time constraint conditions for all outliers except 179
were in the hypothesized direction. *Sum was more than three standard deviations
above the group mean.
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