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Working memory and syllogistic reasoning

David E. Copeland and Gabriel A. Radvansky
University of Notre Dame, Indiana, USA

The purpose of this study was to examine the relation between working memory span and
syllogistic reasoning performance. In addition, performance for the reasoning task was compared
to predictions made by mental model theory and the probability heuristics model. According to
mental model theory, syllogisms that require the use of more mental models are more difficult.
According to the probability heuristics model difficulty is related to the number of probabilistic
heuristics that must be applied, or (for invalid syllogisms) inconsistencies between the derived
and correct conclusion. The predictions of these theories were examined across two experiments.
In general, people with larger working memory capacities reasoned better. Also, the responses
made by people with larger capacities were more likely to correspond to the predictions made by
both mental model theory and the probability heuristics model. Relations between working
memory span and performance were also consistent with both theories.

Stanovich and West (2000) have argued that differences between normative and descriptive
performance in reasoning is due to four factors: performance errors, computational limita-
tions, applying the wrong normative model, and alternative task construals. This paper
focuses on the first and second factors: performance errors and computational limitations.
Computational limitations are addressed in terms of working memory capacity. Simply, the
larger a person’s working memory capacity, the better he or she should be able to reason.
Performance errors are viewed as a result of computational limitations. That is, people who
have smaller working memory capacities may opt to use simpler strategies to reduce the
demands on working memory. This paper assesses the relation between syllogistic reasoning
and working memory capacity, including an examination of whether capacity affects strategy
use. Working memory capacity was measured using the operation span test (Turner & Engle,
1989). This test assesses how many items a person can temporarily hold in memory while he or
she processes additional information (i.e., a maths problem).
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Categorical logic

Categorical logic, a type of deductive logic, involves drawing conclusions based on sets of
premises that are assumed to be true. As long as the premises are valid, the conclusions appro-
priately derived from them are also valid. In categorical logic, concepts are expressions of class
membership and are presented in the form of a syllogism. In a syllogism, the first premise
describes the relation of a subject and a middle term (e.g., All A are B), and the second
describes the relation of the middle term with a predicate (e.g., All Bare C). Based on this, one
has to draw a conclusion about the subject and predicate (e.g., Therefore, all A are C) or to
determine that there is no valid conclusion.
There are four forms of categorical logic, each with a different quantifier:

A. All A are B (universal affirmative)

E. No A are B (universal negative)

I.  Some A are B (particular affirmative)
O. Some A are not B (particular negative)

Inaddition, there are four ways, known as “figures”, in which the subject, middle term, and
predicate can be arranged:

1. AB-BC
2. BA-CB
3. AB-CB
4. BA-BC

The first two figures are asymmetrical because the middle term is in different places in the
two premises. The last two are symmetrical because the middle term is in the same place for
both premises. The combination of these forms and figures yields a total of 64 possible
syllogisms.

The experiments here focus on categorical logic because it is a simple type of deductive
logic, with a small number of possible syllogisms. This makes the assessment of the relation
between logical reasoning and working memory easier to track. In addition, there has been an
extensive amount of research on how people solve these syllogisms, and a number of reliable
effects have been described.

Mental model theory

One of the most prominent theories of human syllogistic reasoning is the mental model theory
developed by Johnson-Laird (Bara, Bucciarelli, & Johnson-Laird, 1995; Johnson-lLaird,
1983; Johnson-Laird & Bara, 1984; Johnson-Laird & Byrne, 1991). The idea is that people
draw conclusions using mental models. Mental models are mental representations based on
the state of affairs in the world. People construct them based on the terms and quantifiers in
the premises. These mental representations simulate the possible ways that the terms can
relate to one another. The mental models that are constructed can be compared to one another
to contrast different situations that might be possible based on the premises.
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According to mental model theory, people go through three stages. During the first stage, a
model is constructed for the information stated in the first premise. Next, the information
from the second premise is added to the model. In the second stage, people use this model to
draw a conclusion. Finally, in the third stage, people test this initial conclusion by
constructing alternative models. These alternative models are then compared to the conclu-
sion to determine whether it is valid. If it is not, then another conclusion is drawn that is
consistent with the alternative models. If a conclusion is true for all of the models, then that
conclusion is the response. If, however, no conclusion is consistent with all of the models, then
people respond, “no valid conclusion”.

According to mental model theory, syllogisms that require the construction of fewer
models are easier than those that require the construction of more models. More errors result
for multiple model syllogisms when an individual incorrectly selects a conclusion from one
model without considering the others. This could be due in part to an inability to successfully
coordinate multiple models in working memory.

An example of an easy one-model syllogism is,

All A are B
All B are C

The first premise, “All A are B”, can be represented like this:

[A] B
[A] B

Each line of the model represents an occurrence of a term, with an arbitrary number of occur-
rences. The brackets indicate that a term is exhaustively represented. As can be seen, the
premise “All A are B” is represented by placing a “B” next to every “A”. As noted earlier, the
converse cannot be assumed to be true. Thus, the “B” terms are not surrounded by brackets,
representing the possibility that there is a “B” that is not an “A”.

The second premise, “All B are C”, can be easily added to the model. Whenever there is a
“B”, there must be a “C”:

[[A] B] C
[[A] B] C

The “B” terms all have brackets indicating that every “B” isa “C”, and the “C” terms do not
have brackets because there might be a “C” that is not a “B”. The “A” terms have double
brackets because every “A” is a “B”, and because every “B” is a “C”, leading to the fact that
every “A”isalsoa “C”. Hence, the correct conclusion can be drawn: “Therefore, all A are C.”

Multiple model syllogisms are more difficult. For example, three models can be
constructed for the syllogism,

All B are A
No Bare C

These are:
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1.[A [B]] 2 [A B]] 3. [A [BI]
[C] A [C] A [C]
[C]

Based only on the first model, one might incorrectly conclude “No A are C” or “No Care A”.
Using the first and second models, another incorrect conclusion, “Some Care not A” might be
drawn. Finally, when all three models are considered, there is one conclusion that is
supported: “Some A are not C.”

Mental model theory also explains why people might respond that there is no valid conclu-
sion. An example of a multiple model syllogism that does not have a valid conclusion is,

No A are B
No Bare C

Here, two models could be constructed:

1. [A] 2. [A] [C]
[B] [B]
[C]

Based upon the first model, one could conclude that “No A are C”. However, the second
model supports the conclusion, “All A are C”. These conclusions conflict with one another, so
by using both models, it can be determined that there is no valid conclusion. Thus, if multiple
models are constructed people can determine that they are in conflict and that there is no valid
conclusion.

Probability heuristics model

Another theory of how people solve syllogisms is the probability heuristics model (Chater &
Oaksford, 1999). This model considers reasoning to be a combination of heuristics and proba-
bilistic inferences. According to this model, people first use the min heuristic to arrive at a
conclusion quickly. Following this, people can draw a probabilistic inference from it. For
example, if the initial conclusion was “All A are C”, it is probable that “Some A are C” is true as
well. The third step is to use a heuristic to determine the order of the terms.

After reaching a conclusion, people test, or reconsider, it. First, people vary in how
confident they are in proportion to the informativeness of the premises. People should be
more confident if a premise contains the quantifier “All” than if “Some . . . not” is in the
premises. Second, if the conclusion that is reached contains the quantifier “Some . . . not”,
then people should not be confident. If people are not confident, they respond with “no valid
conclusion”.

Using these steps, the probability heuristics model predicts three conclusions for each
syllogism. The first is based on the min heuristic and determining the order of the terms. The
second is based on the probabilistic inference. Finally, the third predicted conclusion is “no
valid conclusion”, based on a person’s confidence when testing the conclusion.
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For valid syllogisms, predictions made by the probability heuristics model are similar to
those made by mental model theory. Syllogisms that require only two steps (e.g., min and
attachment heuristics) correspond to one-model syllogisms. Syllogisms that require three
steps correspond to two-model syllogisms, and syllogisms that require four steps correspond
to three-model syllogisms. Thus, the probability heuristics model also predicts that one-
model syllogisms are easier than valid two-model syllogisms, which are easier than valid three-
model syllogisms.

Working memory capacity

Working memory is an important component in the active processing of information. It is the
aspect of cognition where information is actively maintained, manipulated, and elaborated.
Some researchers have defined working memory in terms of a single system (e.g., Cowan,
1995), where it is the portion of long-term memory that is activated above a certain threshold.
Other researchers have described working memory as a multiple component system, which
can consist of structures such as a central executive and slave systems (e.g., Baddeley & Hitch,
1974). While there are differences in opinion as to how working memory is structured, most
researchers agree that it is the type of memory associated with the active manipulation as well
as the temporary retention of information.

Many researchers have operationalized working memory ability in terms of capacity or
span (see Daneman & Merikle, 1996). It is measured by using a span test, such as the operation
span test (Turner & Engle, 1989), in which people must keep track of a set of information (e.g.,
words) while they process another set of information (e.g., verify a maths problem). There are
different interpretations of what span measures. One idea is that it measures the amount of
resources a person has available (Baddeley, 1986). A second is that it measures how well a
person can use controlled attention (Kane, Bleckley, Conway, & Engle, 2001). Alternatively,
there is the idea that it measures how well people are able to deal with interference (Lustig,
May, & Hasher, 2001). We make no distinctions between these views because they are all
consistent with the idea that someone who has a large span is better at coordinating informa-
tion in working memory than someone with a smaller span.

Logical reasoning and working memory

Working memory capacity should be important to logical reasoning. The mental model
account of syllogistic reasoning is that “the effects of both number of models and figure arise
from an inevitable bottleneck in the inferential machinery: the processing capacity of working
memory, which must hold one representation in a store, while at the same time the relevant
information from the current premise is substituted in it . . . the integration of premises has to
occur in working memory, unless the subjects are allowed to use paper and pencil so as to
externalize the process” (Johnson-Laird, 1983, p. 115). Thus, one would expect that people
with larger working memory capacities to be better at syllogistic reasoning.

The idea that logical reasoning involves working memory has been explored to some
degree. Gilhooly and colleagues (Gilhooly, Logie, Wetherick, & Wynn, 1993; Gilhooly,
Logie, & Wynn, 2003) have done a number of dual-task studies. In these studies, people were
given the task of drawing a conclusion to a syllogism. In addition to this, people also had to
perform an auxiliary, or distracter, task at the same time. These auxiliary tasks included
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articulatory suppression, concurrent tapping, and random number generation. The results
showed that reasoning and random number generation interfered with one another, and that
reasoning also interfered with articulatory suppression. When the premises are presented
sequentially (instead of simultaneously), reasoning also interfered with concurrent tapping.
Gilhooly (1998) suggested that syllogistic reasoning uses all aspects of Baddeley and Hitch’s
(1974) model of working memory: the central executive and both slave systems. However, the
visuo-spatial scratchpad played a smaller role, and its use was only observed when the
premises were presented sequentially.

In general, these studies demonstrate that reasoning uses working memory resources. The
question addressed here is, do working memory span tests predict syllogistic reasoning perfor-
mance? Based on mental model theory, the more models that are needed to draw a correct
conclusion, the more working memory resources should be taxed. People with higher working
memory spans should perform better on syllogisms that require multiple models.

There are very few studies that have examined the relation between working memory span
and categorical reasoning. Those that have been done have used measures of working memory
span that have been criticized (i.e., digit span; Bara et al., 1995), have used working memory
span tests that were similar to the reasoning tasks used (Kyllonen & Christal, 1990), or have
focused on effects of ageing (Gilinsky & Judd, 1994). The current study avoids these short-
comings by using a more accepted measure of working memory span—the operation span test
(Turner & Engle, 1989)—and by focusing on the relationship between span and reasoning for
young adults (i.e., college undergraduates).

EXPERIMENT 1

The aim of Experiment 1 was to examine the relation between working memory span and
syllogistic reasoning. According to mental model theory, models must be constructed and
coordinated to arrive at a correct conclusion. It seems reasonable that these processes use
working memory resources. However, it is possible that some people do not construct models,
but base their conclusions on the “mood” of the premises (Gilhooly etal., 1993; Woodworth &
Sells, 1935). Such a process would not tax working memory as much as constructing models.
Under such circumstances, it would be expected that there would be little or no relationship
between span and syllogistic reasoning performance.

While these strategies have not received support in previous research (see Evans,
Newstead, & Byrne, 1993), they are considered here because it is possible that people who
differ in working memory capacity also differ in the strategies that they use. For example,
people with a large span might be better able to construct multiple models and manipulate the
premises. However, people with a small span might find this more difficult and adopt simpler
heuristic strategies. Some support for this idea has been found under dual-task conditions
(Gilhooly, Logie, & Wynn, 1999). Secondary tasks were more disruptive for people who did
better on an initial syllogistic reasoning task. That is, those people who performed poorly in
the initial task were less affected by the introduction of a secondary task. Baddeley and Logie
(1999) compared this finding to one by Rosen and Engle (1997), where individuals with high
span scores showed a larger decrement as a result of a secondary task than did individuals with
low span scores. These results suggest the possibility that people with a larger working
memory span were using a more complicated strategy than people with a smaller span. The
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rationale for this argument is that a secondary task is more likely to disrupt more complex
processing than simpler processing. If the people with a smaller span were using a complex
strategy (e.g., mental models), then their performance should have suffered with the addition
of the secondary task. However, performance was much more disruptive for people with a
larger span.

Working memory span

The current study used the operation span test (Turner & Engle, 1989). This is a complex
span test because not only does it include the temporary storage of information (i.e., retain a
series of words), butitalso includes processing of information (i.e., verifying a maths problem)
as well. This is important because working memory is typically defined as consisting of both
the short term retention and manipulation of information (e.g., Baddeley & Hitch, 1974). The
operation span test has been used to study the relation between span and many different
cognitive abilities (e.g., Conway, Tuholski, Shisler, & Engle, 1999) and is thought to measure
general attentional control (Kane et al., 2001).

Strategies and predictions

The strategies that were tested in Experiment 1 were the use of mental models, probabilistic
heuristics, or simple heuristics such as atmosphere and matching. Predictions for mental
model theory were taken from the Syllog computer program developed by Johnson-ILaird
(1992). For each syllogism, this program constructs representations of mental models. It also
provides conclusions, in both directions (i.e., A—C and C-A), based on these models. Predic-
tions were based on conclusions that would be drawn if people only constructed one model, if
they constructed two models (if applicable), and if they constructed three models (if
applicable). Thus, the number of predicted responses for each syllogism ranged from two, for
one-model syllogisms, to five, for three-model syllogisms.

The probability heuristics model makes three predictions for each syllogism. The first was
derived by applying only the min and attachment heuristics. Next, the p-entailment heuristic
was used to determine the second prediction. Finally, the last prediction for each syllogism
was “No valid conclusion”, based on the testing heuristics (i.e., lack of confidence in the
response).

The predictions for atmosphere and matching were created by following the rules of each
heuristic. This led to two predictions for each syllogism, one in each direction, for both
heuristics. Atmosphere states that if at least one quantifier is particular (i.e., “some” or “some
... not”), the conclusion has a particular quantifier. A second rule states that if at least one
quantifier is negative (i.e., “no” or “some . . . not”), the conclusion has a negative quantifier.
According to matching, people use the most conservative quantifier from the premises in their
conclusion.

To illustrate these predictions, consider the example syllogism below,

No A are B
All B are C

According to Syllog, people might construct one or more of the following models:
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1. [A] 2. [A] C 3 [A] C
[A] [A] [A] C

[B] C [B] C [B] C

[B] C [B] C [B] C

Using only the first model people might respond with either “No A are C” or “No Care A”. If
the second model was considered, the conclusions would be “Some A are not C” or “Some C
are not A”. Finally, if the third model was also constructed, people would be likely to respond
that there is no valid conclusion. Thus, there are five predictions made by mental model
theory for this syllogism.

For the probability heuristics model, applying the min heuristic leads to the selection of the
quantifier “No”. Then, the attachment heuristic is used to determine the order of the terms,
“A—C”. Thus, the prediction is “No A are C”. When using the p-entailment heuristic people
make a probabilistic inference, leading to the predicted conclusion “Some A are not C”.
Finally, if the person is not confident in their response, they will state that there is no valid
conclusion. In total, the probability heuristics model makes three predictions.

In terms of the simple heuristics, both would make two predictions: “No A are C” and “No
Care A”. According to atmosphere, both quantifiers are universal, and one is negative, so the
conclusion should use “No”. For matching, “No” is more conservative than “All”, so it also
predicts that “No” should be used. As a reminder, these heuristics do not predict a specific
order of the terms.

As can be seen, there are differences in the number of predictions that are made. Mental
model theory and the probability heuristics model typically make more predictions. For
example, there are syllogisms for which atmosphere makes only two predictions while
mental model theory makes five. This discrepancy gives the second strategy an advantage in
predicting responses. To address this problem, weighted scores were analysed. This was
done by dividing the number of predicted responses by the total number of possible
responses (i.e., nine; two with each of the four quantifiers plus “No valid conclusion”) and
then subtracting that value from one. This calculation was done for each syllogism where the
conclusion was correctly predicted. If a response was not predicted, then that strategy
received a score of zero for that syllogism. Finally, the scores for each syllogism were
summed for a total weighted score. This was done for each strategy. Thus, if a strategy
predicts more possible responses for a syllogism, that strategy has alower potential weighted
score than has a strategy that predicts fewer responses. In other words, the more predictions
that are made, the greater the penalty.

Toillustrate this analysis, consider the syllogism “No A are B, All Bare C”. Ifa person were
to respond with the conclusion, “No A are C”, a weighted score would be calculated for each
strategy. Both of the simple heuristics make two predictions, so they would get a score of 7/9,
or (0.778. This is the number of predictions (i.e., two) divided by the total number of responses
(i.e., nine), which is then subtracted from one. For the probability heuristics model, the score
would be 6/9, or 0.667, because it makes three predictions. Finally, mental model theory
would have a score of 4/9, or 0.444, because it makes five predictions. If, instead, a person
responded with, “Some A are not C”, then atmosphere and matching would have scores of
zero because they do not predict that response. Mental model theory and the probability
heuristics model would have the same scores that were just calculated, 4/9 and 6/9,
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respectively. This weighted scoring was done for all syllogisms, and each of these scores were
summed to get a total weighted score for each strategy.

Another important point is that for every syllogism, the predictions made by the simple
heuristics (atmosphere and matching) are a subset of the predictions made by mental model
theory. Specifically, these predictions almost always (except when the two heuristics have
different predictions) are the same as the predictions of mental model theory for the construc-
tion of only a single model. Thus, for these responses, it is unclear whether people are using a
simple heuristic or constructing a single model.

In terms of working memory, if people are using mental models or probabilistic heuristics,
then people should be more accurate for syllogisms that require the use of fewer models or
heuristics. In addition, those individuals that have larger working memory spans should be
more likely to be accurate for syllogisms that require the use of more models or heuristics.
Thus, working memory span should be related to syllogistic reasoning, especially for those
syllogisms that require the use of multiple models or heuristics.

People that are using a complex strategy rather than simple heuristics will be more likely to
respond with “no valid conclusion”. The simple heuristics never predict this response. While
there is overlap here for predictions made by mental model theory and the probability
heuristics model, there are differences in their predictions of responses, as well as the number
of responses predicted per syllogism.

Method
Participants

A total of 159 people, 95 females and 64 males, participated. They consisted of 98 undergraduates
from the University of Notre Dame and 61 undergraduates from Indiana University South Bend who
participated in exchange for payment or partial course credit. Data from three additional participants
were eliminated because they did not complete all of the tasks. All participants were native English
speakers.

Materials and procedure

All of the tasks were administered on desktop or laptop PC computers.

Operation span (Turner & Engle, 1959). People had to read aloud and verify the solution to a two-
step maths problem. The first step involved multiplication or division, and the second step involved
addition or subtraction—for example (2 X 3) -2 = 4. People verbally indicated whether the answer was
correct, and the experimenter pressed a key to advance. Following this, a word was presented for one
second. People were instructed to read this word aloud. The items were presented in a random order for
each participant, and the problem—word pairings were also randomized. After completing a set of
problems, people recalled the words verbally, and the experimenter typed the words. Following a
method used by LaPointe and Engle (1990), a score was determined by summing the total number of
items in correctly recalled sets. For example, if a person got three sets of two correct, plus two sets of
three, then the score would be 12.

Syllogistic reasoming.  All 64 possible syllogisms were used. The subject, reference, and middle
terms in each syllogism were based on occupations, hobbies, or interests (e.g., surgeons, cyclists, coffee
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drinkers, etc.). These terms were randomly assigned to each syllogism for each participant. An example
of a possible syllogism is:

All cyclists are coffee drinkers
All coffee drinkers are surgeons

Hobbies/interests and occupations were used to ensure that each of the situations that were
described would be plausible to the reader and to minimize the belief bias effect.

The premises of each syllogism were presented on the computer screen along with nine possible
conclusions. Eight of the choices were created by making two choices of each form (i.e., A, E, I, and O):
one with the subject term first and one with the reference term first (e.g., All cyclists are surgeons, All
surgeons are cyclists). The ninth choice was “No valid conclusion”. The premises and the choices were
presented simultaneously, and people had an unlimited amount of time to select their response. The
choices were always presented in the same order.

Under certain circumstances, it is possible that a person could be unsure as to which conclusion
should be selected (e.g., if “Some A are C” is true, “Some C are A” is also true). People were instructed
that if they thought that more than one conclusion was true, they should respond with the one they
reached first.

Experimental context

These measures were embedded in the context of a larger study.1 They were administered in this
order: (a) vocabulary, (b) speed, (c) situation identification, (d) word span, (e) reading span, (f) updating
task, (g) spatial span, (h) text comprehension and recognition, (i) operation span, (j) logical reasoning,
and (k) fan effect. Testing was done either across two 1.5-hour or three 1-hour sessions. If done over
2 days, Tasks a—h were done on Day 1, and tasks i~k were done on Day 2. If done over 3 days, Tasks a—f,
g—1, and j—k were done on Days 1, 2, and 3, respectively. The results of these tasks are considered else-
where (e.g., Radvansky & Copeland, 2001).

Results

All p values are less than .05 unless reported otherwise. For correlation measures, a bootstrap-
ping method (Efron & Tibshirani, 1998) with 1,000 bootstrap samples was used to correct for
any influence of skewed distributions. Confidence intervals of 95% are reported for these
analyses.

Accuracy

Opverall, participants’ accuracy ranged from 14% to 89% on the syllogistic reasoning task.
The number of models was a significant factor, F(2,316) =961.10, MSE=0.015 (see Table 1).
Performance for one-model syllogisms was better than that for two-model syllogisms,
F(1, 158) = 975.87, MSE = 0.019, which was better than that for three-model syllogisms,
F(1, 158) = 48.99, MSE = 0.010. These results are consistent with mental model theory.

'Additional analyses were done using the word, reading (Daneman & Carpenter, 1980), and spatial (Shah &
Miyake, 1996) span tests. These span tests showed very similar patterns to the operation span test.
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TABLE 1
Accuracy®, response times®, and confidence ratings® for number of models in
Experiments 1 and 2

Experiment 1 Experiment 2
Accuracy Accuracy RT Confidence
M SD M SD M SD M SD
Overall 43 10 45 17 30 11 49 1.1
One-model 86 14 87 16 25 9 5.6 1.1
Two-model 39 20 40 21 29 12 4.7 1.2
Three-model 31 17 34 20 33 12 4.8 1.2

* In percentages. " In s.  Out of 7.

Strategy use

Weighted scores. Mental model theory has an advantage in our strategy use comparison
because it predicts more responses than do the simple heuristics. To correct for this, weighted
scores (see Table 2) were computed for the strategies for each person to determine how well
each predicted responses. Each syllogism received a score, using the formula, 1— (# of
predicted conclusions / 9). These scores were summed to create a weighted score for each
strategy.

The weighted score for mental models was only slightly, but significantly, larger than the
weighted score for the probability heuristics model, F(1, 158) = 4.18, MSE = 6.065. Both
mental model theory and the probability heuristics model had weighted scores that were larger
than atmosphere, F(1, 158) = 144.73, MSE = 18.248, and F(1, 158) = 70.22, MSE = 30.605,
respectively. Finally, atmosphere had a larger weighted score than matching, F(1, 158) =
44.30, MSE =4.623. Even though mental model theory predicts a wider variety of responses it
still does the best job, although only slightly better than the probability heuristics model, of
predicting performance when this inherent advantage is taken into account.

TABLE 2
Percentage of responses that corresponded to strategies, and weighted scores in
Experiments 1 and 2

Experiment 1 Experiment 2
% resp. Weighted score 9% resp. Weighted score
M SD M SD M SD M SD
Mental models 85 12 329 45 84 12 32.8 4.8
PHM 76 12 323 5.2 76 13 32.6 5.3
Atmosphere 54 12 27.1 6.2 52 12 25.8 6.1

Matching 51 12 25.5 6.1 49 13 24.2 6.3
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Working memory and syllogistic reasoning

Opverall, the correlation between working memory span and syllogistic reasoning was
significant, » = 422 ,Conf.(.271 < p; £ .559) = .95. The larger one’s span the better one’s
reasoning performance. Working memory was correlated with performance for one-, two-,
and three-model syllogisms; » = .185, Conf.(.029 <p,<.315) = .95; r=.399, Conf.(.248 <p, <
.357) = .95; and r = .370, Conf.(.223 < p; < .512) = .95, respectively. While these were all
significant, the correlations were stronger for multiple model syllogisms. This suggests that a
larger span is more helpful for reasoning when more models or probabilistic heuristics are
involved.

Working memory and strategy use

Span was related to the predictions made by mental model theory, 7= .26, Conf.(.082<p, <
415) = .95, and the probability heuristics model, » = .272, Conf.(.097 < p, < .416) = .95. That
is, people with a large span were more likely to draw conclusions that corresponded to the
predictions made by these theories. This supports the idea that people with a large span are
more likely to use a complex strategy such as mental models or the application of different
heuristics.

Span was negatively correlated with matching, » = —.309, Conf.(—.466 < p,<-.133) = .95.
For the atmosphere heuristic, the correlation was also negative, but it was not significant, » =
—.102, Conf.(—.287 <p,<.103) = .95. This suggests that people with a smaller span were more
likely to use a superficial strategy. However, the predictions of the superficial heuristics are
similar to the initial models that would be constructed. So, people with a small capacity might
simply be less thorough in their search for counterexamples, opting to create one model and to
stick with the conclusion based on it. This idea is supported by a positive correlation, r = .38,
between span and the number of “no valid conclusion” responses, consistent with the idea that
people with smaller capacities are not constructing more than one model, which would be
necessary to determine that there is no valid conclusion.

Discussion

The results of Experiment 1 suggest that people were using a complex strategy, such as mental
models or probabilistic heuristics. Performance was better for syllogisms requiring fewer
models. Also, people responded that there was no valid conclusion for some syllogisms, as
much as 329% of the time for Figures 3 and 4. Simple heuristic strategies do not predict this.

The relation between span and reasoning was also examined. The operation span test was a
significant predictor of reasoning. This is consistent with previous findings that syllogistic
reasoning taxes working memory (Gilhooly et al., 1993, 2003).

In terms of mental models, there was support for the idea that the degree to which people
used mental models varied. People with a larger span were more likely to use mental models
than people with smaller spans. It is also possible that people with a small span could be using a
simpler heuristic strategy, such as matching. However, the percentage of responses that corre-
sponded to these strategies was less than the percentage that corresponded to the predictions
made by mental model theory. If participants are divided into quartiles, based on span score,
only 53% of the responses made by the lowest span group corresponded to the predictions
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made by matching, compared to approximately 80% that corresponded to the predictions
made by mental model theory.

In terms of the probability heuristics model, it is important to keep in mind that the predic-
tions for simple heuristic strategies generally correspond to the initial model constructed
according to mental model theory as well as the predictions made by the probability heuristics
model if people only applied the min heuristic. These results are consistent with the idea that
people with smaller spans were less thorough in their use of probabilistic heuristics. That is,
people with a smaller span were more likely to only apply one probabilistic heuristic, even
when more were appropriate.

Overall, these results suggest that the people with a smaller span were using either mental
models or probabilistic heuristics, but were not very thorough. It seems that often they
constructed only a single model or only applied the min heuristic. This idea was examined
further in Experiment 2.

EXPERIMENT 2

Experiment 1 showed a relation between working memory span and logical reasoning perfor-
mance. The aim of Experiment 2 was to further investigate these findings. First, in Experi-
ment 2 response times were collected. If someone is using a superficial heuristic, such as
matching, then response times should be relatively rapid and not differ across problems.
However, both mental model theory and the probability heuristics model predict that there
should be a difference in response time depending on the number of models or probabilistic
heuristics that are used. For example, it should take more time to construct and manipulate
three models than one.

In addition, confidence ratings were gathered. If a person is using a superficial heuristic
such as matching, then confidence ratings should not differ across syllogisms. A person should
be similarly confident for every problem. Mental model theory predicts that confidence
should vary across problems (Quayle & Ball, 2000). Quayle and Ball demonstrated that when
evaluating syllogisms, people were more confident for valid than for invalid syllogisms. In
addition, people should be more confident for one model than for multiple model syllogisms.
That is, if a person realizes that there is more than one way to represent the premises, there
should be less confidence in the conclusion.

Method
Participants

A total of 40 undergraduates from the University of Notre Dame and 40 undergraduates from
Indiana University South Bend participated. Of these, 26 were male, and 54 were female. They
participated in exchange for payment or partial course credit. All were native English speakers.

Materials and procedure

Operation span.  'This test was administered the same way as in Experiment 1 except for one differ-
ence. The set sizes ranged from 3 to 6 words; set size of 7 was eliminated because only 9 people correctly
responded for the set size of 7 in Experiment 1.
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Syllogistic reasoning. There were two differences from Experiment 1. First, response times were
collected. Second, participants were asked to rate how confident they were by using a scale from 1 to 7,
with a 1 indicating little confidence and a 7 indicating extreme confidence. For each syllogism, people
were asked, “How confident are you (1 = not at all, 7 = extremely)?”

Interview. At the conclusion of the reasoning task, participants were asked questions, listed below,
concerning the methods that they used to reach conclusions.

1. “Did you develop any rules or shortcuts as you progressed through the task?”
2. “Did you have a default answer (i.e., when in doubt, go with . . .)?”
3. “Describe how you reached conclusions.”

Results and discussion

All p values are less than .05 unless reported otherwise. For correlation measures, a bootstrap-
ping method (Efron & Tibshirani, 1998) with 1,000 bootstrap samples was used to correct for
any influence of skewed distributions. Confidence intervals of 95% are reported for these
analyses.

Accuracy

Accuracy scores are presented in Table 1. Overall, accuracy ranged from 20% to 88%.
Performance was significantly different for syllogisms requiring different numbers of models,
F(2,158) = 323.76, MSE = 0.021. Performance for one-model syllogisms was significantly
better than that for two-model syllogisms, F(1,79) = 348.52, M.SE = 0.025, which was better
than that for three-model syllogisms, (1, 79) = 13.67, MSE = 0.013.

Response times

Response times were different for syllogisms requiring different numbers of models,
F(2, 158) = 42.45, MSE = 33.280 (sce Table 1). Response times were faster for one-model
syllogisms than for two-model syllogisms, F(1,79) = 14.47, MSE = 34.939, which were faster
than those for three-model syllogisms, F(1, 79) = 39.43, MSE = 23.539. Thus, people spent
more time processing the problem when more models were required.

Confidence ratings

Confidence ratings” were different for syllogisms requiring different numbers of models,
F(2,158)=122.42, MSE = 0.164 (see Table 1). Ratings were higher for one-model syllogisms
than for two-model syllogisms, F(1,79) = 149.85, M.SE = 0.219, and three-model syllogisms,
F(1,79) = 142.73, MSE = 0.190. Ratings for two- and three-model syllogisms did not differ,
F(1,79)=3.19, MSE =0.083, p = .23. People were also more confident for valid (M =5.2,.SD
= 1.1) than for invalid syllogisms (M = 4.6, SD=1.2), F(1,79) =92.44, MSE =0.172. This is
consistent with the study conducted by Quayle and Ball (2000). Both the number of models

2 . . . . .
Confidence ratings were significantly negatively correlated with response times, » = —.21.
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required and the validity affected confidence. Thus, people were consciously aware of a differ-
ence in difficulty among the syllogisms.

Strategy use

Weighted scores.  'The weighted scores (see Table 2) showed the same pattern as that in
Experiment 1. However, here, mental model theory and the probability heuristics model did
not differ, ' < 1. Both had larger weighted scores than atmosphere, F(1,79) =94.16, MSE =
20.628,and F(1,79) = 56.81, MSE = 32.416, respectively. The weighted score for atmosphere
was larger than the weighted score for matching, F(1, 79) = 23.59, MSE = 4.313.

Working memory capacity

The correlation between span and reasoning was significant, » = .285, Conf.(.097 < p, <
.464) = .95. The correlation between span and one-model syllogisms was small and not signifi-
cant, » = .145, Conf.(—.069 < p; <.336) = 0.95. The correlations between span and two- and
three-model syllogisms were larger, as predicted. For two- and three-model syllogisms the
correlations were significant, 7 = .234, Conf.(.037 < p;<.439) = .95,and » = .318, Conf.(.119 <
p; < .499) = .95, respectively. Despite the fact that the correlation for one-model syllogisms
was not significant, the pattern was consistent with that of Experiment 1. People with a larger
span performed better on the reasoning task than did people with a smaller span. Also, a larger
span seemed to be especially important when more models were required.

Working memory and strategy use

Correlations between span and responses predicted by the different strategies were
conducted. The strongest correlations were between span and mental models, » = .261,
Conf.(.063 < p;<.432) = .95, and between span and the probability heuristics model, » = .239,
Conf.(.071 <p;<.433) = .95. The correlations for matching and atmosphere were not signifi-
cant, r = —.096, Conf.(—.308 < p; < .130) = .95, and » = .016, Conf.(—.203 < p, < .259) = .95,
respectively. These results are similar to those of Experiment 1, although the correlations for
the simple heuristics were weaker here.

Working memory capacity and response times

Working memory span and response time were negatively correlated, r = —.224,
Conf.(—.405 < p; < -.022) = .95. The larger a person’s span, the faster they responded.
The relationship between span and response time was significant for one-model syllogisms,
r =—=.316, Conf.(—477 < p; £ —-.130) = .95. According to mental model theory, this result,
along with a positive relation between span and accuracy, suggests that people with larger
capacities are more efficient at constructing a single model.

The relationship between span and two-model syllogisms was significant, » = —.261,
Conf.(—427 < p; <-.090) = .95, but it was not for three-model syllogisms, » =—.104,
Conf.(—.320 < p; £ .117) = .95. As for multiple model syllogisms, the weaker correlations
suggest that people with smaller spans were not trying to construct multiple models. If they
were, then they should have spent much more time on these problems (based on how much
slower they are, relative to people with larger spans, to construct a single model). These results
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are also consistent with the probability heuristics model, although instead of models, people
would be dealing with the application of different numbers of probabilistic heuristics.

Working memory capacity and confidence

There were no significant correlations between working memory and confidence ratings.

Interview

The results from the interview give some insight into people’s performance. The use of a
superficial rule or shortcut was reported by 44% of the participants. Of these, 22 had span scores
above the median, and 13 had scores below. This is consistent with previous work that showed
that good reasoners were more likely to report an awareness of simple rules (Galotti, Baron, &
Sabini, 1986).

One might think that this pattern is in contrast to the earlier results, which suggest that
people with smaller working memory capacities were more likely to use superficial rules.
However, further examination reveals that the rules reported by people were different from
the theoretically outlined heuristics. For example, some participants reported that when both
premises contained the word “some” or both contained “no” there was no valid conclusion.

A total of 54% responded that they used a default answer. Of these, over 70% used “no valid
conclusion”, while 16% used “some”, and 7% used “no”. This supports the idea that when
people find a syllogism to be too complicated, they give up and respond with “no valid
conclusion”.

The two most popular methods used to reach conclusions were grouping, via mental
imagery, and verbal strategies. Grouping the terms in the premises was used by 37% of partici-
pants. For example, based on the premise, “All lawyers are cyclists”, one participant imagined
lawyers holding briefcases while riding bicycles. Following this, they would add the informa-
tion from the second premise to this image. Another 37% of the participants used verbal strat-
egies. Some people said that they reworded the premises. Others tried to eliminate the middle
(common) term in order to link the end terms. Substituting one term for another (usually for
“all”) was also used. In addition, 4% said that they read the premises over and over until they
reached a conclusion, 9% reported the use of circles, and finally, 13% said that the answer
seemed right, or that it just came to them.

These results are somewhat similar to those reported by Ford (1995). While that study used
a think-aloud protocol rather than a post-task interview, there are some similarities. In that
study, participants were classified as using either a verbal or a spatial strategy. In the current
study, the participants who reported grouping (i.e., visuo-spatial processing) would be similar
to Ford’s spatial group, and the participants who reported using verbal strategies would be
similar in both studies. Johnson-Laird and colleagues (Bucciarelli & Johnson-Laird, 1999;
Johnson-Laird & Bara, 1984; Johnson-Laird & Byrne, 1991) have argued that both verbal and
spatial strategies are consistent with mental model theory.

GENERAL DISCUSSION

In two experiments, the relation between working memory span and syllogistic reasoning was
examined. The data support the idea that a larger span is related to better reasoning. People
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with larger spans performed better and responded more quickly. Thus, working memory
capacity seems to play a central role in syllogistic reasoning. In terms of strategy use, there was
some support for both mental model theory and the probability heuristics model.

Assessment of theories
Mental models

The results of the current study are consistent with the idea that people use mental models
during syllogistic reasoning. Predictions regarding accuracy of mental model theory were
confirmed, such as the effects of figure and number of models. Moreover, response times
showed that people spent more time reasoning when syllogisms required the use of more
models. In addition, people were more confident in their responses to syllogisms that required
the use of only one as opposed to multiple models.

If people are using mental models, a further question is whether people use them exclu-
sively. Participants claimed to have developed their own shortcut rules as they progressed
through the task (see also Galotti et al., 1986), even though some were ineffective or incorrect.
An example of a rule was: “If both premises contain the word ‘some’ or ‘no’, then there is no
valid conclusion.” That is, it appears as though people created their own idiosyncratic rules
based upon their experience with some of the syllogisms and were not relying on previously
theorized heuristics. This is supported by the pattern of response times as the task progressed.
Specifically, when the presentation order of the syllogisms was broken down into quartiles
(e.g., the first 16 syllogisms, the next 16, etc.), people were faster to respond as the task
progressed, F(3,237)=68.96, M.SE =0.000. There was a 16-s decrease in response times from
the first (M =39 s, SD = 17) to last quartile (M = 23 s,.SD = 10). In addition, the use of these
shortcuts was more prevalent among people with larger spans. This suggests that people,
especially those with larger spans, may have begun the task using a complex strategy like
mental models, but then might have developed a shortcut as the task progressed, leading to
faster response times.

As for people with smaller spans, the results support the idea that they were also using
mental models but this was more difficult for them. Compared to people with larger spans,
people with smaller spans had a tendency to reach a conclusion based on the initial model
predicted by mental model theory. There was a smaller correlation between span and perfor-
mance for one-model syllogisms than for multiple model syllogisms. This means that people
with smaller spans could solve one-model syllogisms as well as people with larger spans.
However, if more than one model was required, people with larger spans did much better.

In terms of response times, people with smaller spans took longer to reach a conclusion,
suggesting that they had more difficulty constructing mental models. Also, if the highest and
lowest span quartiles are considered, the people with a larger span showed a larger difference
in response time between one- and three-model syllogisms than did the people with a smaller
span. This suggests that people with smaller spans could work with a single model, but, when
multiple models were required, either they did not recognize that more than one model was
needed, or it was too difficult for them to construct and coordinate multiple models.

In Experiment 2, there was no relationship between confidence ratings and working
memory span. Thus, people with smaller spans were just as confident as people with larger
spans. This result supports the idea that people with smaller spans are less thorough in their
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use of mental models. That is, if people with smaller spans typically only construct one model
and do not recognize that more are possible, they should be just as confident in their response
as someone who is using multiple models. In other words, people with a smaller span might
inaccurately think that they are being thorough.

Some researchers have criticized mental model theory because they do not think that
people search for counterexamples (Newstead, Handley, & Buck, 1999). Meanwhile others
have conducted studies that support this idea (Bucciarelli & Johnson-Laird, 1999; Byrne &
Johnson-Laird, 1990). The current study is consistent with an intermediate position,
suggesting that people with larger spans are more likely to consider and construct multiple
models than are people with smaller spans.

Probability heuristics model

In both Experiments 1 and 2, 76% of participants’ responses were predicted by the proba-
bility heuristics model. This was fewer than what was predicted by mental model theory for
both Experiments 1 and 2; however, when considering weighted scores there was basically no
difference between mental model theory and the probability heuristics model. Although these
experiments were conducted from a mental model perspective, the predictions of the proba-
bility heuristics model fared well, especially when weighted scores were considered.

The data from the interviews conducted in Experiment 2 were somewhat consistent with
the probability heuristics model. Some people reported that they were aware of shortcuts,
such asa simple rule. Some people took this further by indicating that they used simple rules to
narrow down the choices. Following this, they would use a more complex strategy, such as
mental models, to determine the final conclusion. This is similar to a verification strategy
described by Chater and Oaksford (1999). This strategy includes testing the conclusion that is
derived from the heuristics to make sure it is valid. They stated that this might be accom-
plished by using a more complex method, such as mental models. Unfortunately, people did
not, or were not able to, describe these strategies during the interviews. Also, as mentioned
earlier, many of the shortcuts involved rules created by participants that are unrelated to the
rules proposed by psychological theories.

Opverall, the results of the current study are generally consistent with the probability
heuristics model. This model differs from mental model theory in that it emphasizes the use of
heuristics and probabilistic judgements and gives representations such as mental models a
lower priority, describing them as merely a way to verify a conclusion reached via heuristics.

Other strategies

Even though the use of mental models or probabilistic heuristics received the most
support, the use of other strategies is possible. A total of 7 participants (9%) in Experiment 2
reported that they used circles of some sort (e.g., Euler circles). Of these, two stated that they
tried, but found it to be too difficult. Ford (1995) described a group of participants that used
Euler circles when they had access to pencil and paper. However, it is unclear how well people
can do this when they do not have access to pencil and paper. Also, Euler circles and Venn
diagrams could be classified as a type of mental model with particular properties and
characteristics.
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The current study also further refuted the idea that people exclusively use superficial
heuristics. First, if people were only using superficial heuristics, then they would never
respond that there was no valid conclusion. However, every participant selected “no valid
conclusion” at least once. On average, people responded with “no valid conclusion” at least
25% of the time.

Second, the percentage of responses that corresponded to superficial heuristics was not
very high, often around 50%. Thus, at best, the most that could be said is that people used a
superficial heuristic half of the time, although even this estimate seems inflated. A superficial
heuristic view is also hurt by the fact that response times and confidence ratings varied. If
superficial heuristics were being used this should have remained relatively constant.

The only support for the idea that at least some people used superficial heuristics came
from the data in Experiment 1. People were more likely to have answers that corresponded to
superficial heuristics if they had a smaller span. However, this does not necessarily mean that
people with smaller spans were using heuristics. The predictions of the superficial heuristics
are very similar to the conclusions drawn from the initial model predicted by mental model
theory. When the response time data are considered, it appears as though the low span people
were using mental models. There was a negative correlation between span and response times.
If people with smaller spans were using heuristics, they should have been responding faster
than people with larger spans. Instead, they spent more time reasoning.

Conclusion

It appears that there is a clear relation between working memory span and syllogistic
reasoning. People with larger spans perform better than those with smaller spans. In terms of
strategy use, the predictions made by mental model theory were the most consistent with
performance, although the probability heuristics model also fared quite well. Predictions
made by mental model theory were confirmed, with participants performing better, faster,
and more confidently for syllogisms requiring the use of one model than for multiple model
syllogisms. Also, people with a smaller spans were less likely than people with a larger span to
be thorough in their use of mental models. In addition, it appears as though people are able to
develop new strategies or shortcut rules, which could be classified as a heuristic, as they gain
experience with syllogisms.
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