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We asked 149 high-school students who were pretested for their working memory capacity (WMC)
to read spatial descriptions relating to five objects and to evaluate conclusions asserting an unmen-
tioned relationship between two of the objects. Unambiguous descriptions were compatible with a
single spatial arrangement, whereas ambiguous descriptions permitted two arrangements; a subset
of the ambiguous descriptions still determined the relation asserted in the conclusion, whereas
another subset did not. Two groups of participants received different instructions: The deduction
group should accept conclusions only if they followed with logical necessity from the description,
whereas the comprehension group should accept a conclusion if it agreed with their representation
of the arrangement. Self-paced reading times increased on sentences that introduced an ambiguity,
replicating previous findings in deductive reasoning experiments. This effect was also found in the
comprehension group, casting doubt on the interpretation that people consider multiple possible
arrangements online. Responses to conclusions could be modelled by a multinomial processing
model with four parameters: the probability of constructing a correct mental model, the probability
of detecting an ambiguity, and two guessing parameters. Participants with high and with low
WMC differed mainly in the probability of successfully constructing a mental model.

When reading a spatial description, people usually
try to build a representation of the spatial layout
described. This means that the information
about individual spatial relations given by several
verbal statements is integrated into a coherent rep-
resentation of the arrangement of several objects,
often called a mental model (Byrne & Johnson-
Laird, 1989; Johnson-Laird, 1983; Mani &
Johnson-Laird, 1982; Morrow, Greenspan, &
Bower, 1987). Construction of an integrated

spatial mental model becomes difficult when the
description is ambiguous. Compare, for example,
the following two descriptions of the arrangement
of several objects on a desk:

1. The pen is on the left of the ashtray

The pipe is on the right of the ashtray

2. The pen is on the left of the ashtray

The pipe is on the left of the ashtray
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As long as we disregard distances and represent
only qualitative relations between the objects, the
first description is unambiguous—it is consistent
with only one mental model. If we use the left–
right dimension on paper to represent the left–
right dimension of mental space, and words to
stand for mental objects, this model can be illus-
trated as follows:

pen ashtray pipe

The second description, in contrast, is ambigu-
ous—it is consistent with two qualitatively differ-
ent mental models:

pipe pen ashtray

pen pipe ashtray

Mental models can be used to draw inferences from
descriptions. In the first model above, for example,
the pipe is on the right of the pen, so people who
build this model from Description 1 can read
from it this relationship. Such an inference is
deductively valid if there is no other model consist-
ent with the premises. This is the case with
Description 1 but not with Description 2.

Johnson-Laird (1983) argued that deductive
reasoning and ordinary language comprehension
have much in common. They share the construc-
tion of integrated mental models from information
distributed over several sentences and the drawing
of inferences from these models. They differ
mainly in the degree of scrutiny applied in search-
ing for alternative models consistent with the pre-
mises that might refute an inference. Deductive
validity of an inference can be checked only by
making sure that the inference holds in all
models consistent with the premises. Therefore,
reasoners are assumed to engage in a search for
counterexamples: that is, potential models consist-
ent with the premises but inconsistent with an
inference drawn from the initial mental model.

Ambiguity in spatial descriptions—one or
multiple models?

One question that instigated some debate within
the model theory of reasoning is whether people

ever build more than one model of the premises,
even when asked to reason deductively (for a
review, see Roberts, in press). For instance, in
their research on Aristotelian syllogisms Polk
and Newell (1995) came to the conclusion that
people’s responses can well be accounted for by
assuming that they never go beyond constructing
a single model. The results of Evans, Handley,
Harper, and Johnson-Laird (1999) support this
conclusion. They gave people syllogisms for
which multiple models are possible and asked
them to evaluate whether the conclusions followed
necessarily from the premises. People accepted the
conclusions as necessary if and only if the preferred
initial model of the premises—as specified by a
computer simulation of the model theory—
supported this conclusion. Aristotelian syllogisms,
however, are particularly difficult, and therefore
people might well be able to consider more than
one possible model of the premises in other tasks.

Byrne and Johnson-Laird (1989) studied spatial
reasoning tasks with four premises specifying the
relationship between five objects. Some problems
were unambiguous in that there was only one
mental model consistent with all four premises
(called one-model problems), whereas others
allowed two different mental models, for instance:

A is on the right of B

C is on the right of B

D is above C

E is above B

Participants were asked to decide what, if any-
thing, follows necessarily from the premises for
an unmentioned spatial relation between two
objects: for instance, D and E. The answer that
nothing follows was correct in some but not all
ambiguous problems because for some of them,
the relationship between the two objects used for
the conclusion was not affected by the ambiguity.
In the example above, for instance, the relations
between A and C is ambiguous, but it still allows
the valid conclusion that D is on the right of
E. We call ambiguous problems that allow a
valid conclusion two-model-vc problems, and
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those that allow no valid conclusion two-model-nvc
problems.

Participants solved one-model problems best,
two-model-vc problems somewhat worse, but
their performance dropped dramatically, to
less than 20% correct, on the two-model-nvc pro-
blems, although the experimenter instructed them
about the possibility of ambiguous problems. This
pattern was later replicated in several studies
(Vandierendonck & De Vooght, 1996). The accu-
racy difference between one-model problems and
two-model-vc problems could be explained by
the extra difficulty of building a second model,
but this does not explain why two-model-nvc pro-
blems, which required the same number of models,
were much more difficult. The data pattern seems
more compatible with the assumption that people
rarely construct more than one model. When the
premises are ambiguous, this would still lead to
the right answer in those cases where the spatial
relation asked about was not affected by the ambi-
guity. Considering more than one model is necess-
ary only for those problems that called for “no valid
conclusion” as the correct answer. In fact, even to
come up with this answer does not require con-
struction of a second model, as long as one
notices that more than one model is possible, as
well as the locus of the ambiguity (i.e., which
relation is underdetermined by the premises).

Evidence for a more optimistic view of people’s
ability to consider multiple mental models comes
from studies of reading times for individual pre-
mises. Schaeken, Johnson-Laird, and d’Ydewalle
(1996) studied reading times in temporal reason-
ing problems, which had the same structure as
the spatial problems used by Byrne and Johnson-
Laird (1989), but using temporal relations such
as “before” and “at the same time”. They observed
that reading times increased specifically for pre-
mises that introduced an ambiguity. For
example, in a sequence of premises such as:

The rain started before the fight,

The rain started before [after] the accident,

The accident happened after the barbecue,

the second premise is read longer with the relation
“before”, which makes the description ambiguous,
than with the relation “after”, which results in an
unambiguous description. This finding was later
replicated for temporal problems (Schaeken &
Johnson-Laird, 2000) and spatial problems
(Boudreau & Pideau, 2001; Carreiras &
Santamaria, 1997).

Schaeken et al. (1996) interpreted the increase
in reading times as the time needed to construct
a second mental model of the temporal arrange-
ment of events. The time costs of ambiguity,
however, are themselves ambiguous. They could
as well reflect the time needed to add an annotation
to a single mental model, coding the fact that a
particular relation in the model is not determined
by the premises. People can use such an annotation
to decide that an inference about this relation is
not deductively valid. Schaeken and his colleagues
(Schaeken, van der Henst, & Schroyens, in press)
recently endorsed this possibility, assuming that
people build an “isomeric model” for ambiguous
descriptions: that is, a single model in which the
locus of ambiguity is explicitly marked.

Recently, Vandierendonck, Dierckx, and De
Vooght (2004) conducted a comprehensive test
of five alternative theories about how people deal
with ambiguity in spatial descriptions. The
accounts that they considered ranged from
construction of several fully elaborated models,
through the construction of partial models of the
ambiguous part of the spatial layout, to construc-
tion of a single model with annotations coding the
ambiguity. These accounts were tested with two
experiments in which participants worked on
problems describing arrangements of five objects
in a single dimension. The ambiguity, if there
was one, was always introduced by the last of the
four premises. The relevant data were reading
times on the last premise, conclusion evaluation
times, and evaluation decisions. The results were
best compatible with the most economical rep-
resentation that Vandierendonck et al. considered:
the construction of a single mental model with an
annotation. The critical observations supporting
this conclusion were as follows: (1) People were
as accurate with two-model as with one-model
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problems, except for decisions about whether any
conclusion about the relation between two
objects followed at all, consistent with the assump-
tion that only a single mental model is constructed.
(2) Reading times on the last premise were larger
when they introduced an ambiguity, consistent
with the assumption that an annotation must be
added to the model at this point. (3) Decision
times were longer for conclusions involving an
object from the last premise (i.e., the one intro-
ducing the ambiguity) than for conclusions invol-
ving only objects from earlier premises, suggesting
that the annotation must be processed in order to
evaluate the conclusion when the conclusion
involves an object from the last premise. This
latter difference was found only in one of the
two experiments, however. One limitation of this
study is that the ambiguity was always introduced
in the last premise. This might have made it easier
for people to remember this premise in a verbal or
propositional format—akin to an annotation—
instead of integrating its information into the
mental model.

The reading time and conclusion evaluation
data reviewed above are consistent with an
interpretation that grants people even less con-
sideration for the ambiguity of spatial descriptions
than does the annotated mental model view. The
increase in reading times for a premise that intro-
duces an ambiguity might simply reflect a moment
of confusion and time needed to resolve the ambi-
guity in favour of one of the possible models,
which from there on is constructed exactly as
with unambiguous descriptions. This would
imply that people are reasonably good at inferences
that are not affected by the ambiguity, because
they are true (or false) in all possible models
anyway, but they are particularly bad at judging
“no valid conclusion” when the relation in question
is different in different models. If this interpret-
ation is correct, people who are asked to reason
deductively from a spatial description would
process it in the same way as people whose task
is just to understand the description: During
reading, they would not even make the attempt
to consider more than one model. One goal of
our experiment is to test this hypothesis directly.

To this end, we compared two groups of people
processing the same spatial descriptions under
two instructions. The deduction group was asked
to evaluate whether given relational conclusions
followed with logical necessity from the premises.
The comprehension group was asked to imagine
a spatial layout compatible with the premises
and to judge whether the given relational state-
ments matched that layout. If the increase in
reading times on premises that introduce an
ambiguity into a description reflects an attempt
to consider all possible arrangements in the
service of deductive validity, we should observe
this effect only in the deduction group. If, in
contrast, slower reading of the critical premises is
just the reflection of a moment of uncertainty,
followed by a resolution of the ambiguity, then
we should observe it in both instruction groups
alike.

Working memory capacity
and spatial reasoning

A central assumption of the mental model theory
of deductive reasoning is that problem difficulty
increases with the number of possible models
because considering all models places an increasing
burden on working memory (Johnson-Laird,
1983; Johnson-Laird & Byrne, 1991). This
suggests that whether a person builds just a
single mental model from a spatial description,
an annotated single model, or even multiple
models depends on that person’s working
memory capacity (WMC). Several dual-task
studies have been conducted to investigate the
role of working memory in deductive reasoning
(e.g., Gilhooly, Logie, Wetherick, & Wynn,
1993; Klauer, Stegmaier, & Meiser, 1997; Toms,
Morris, & Ward, 1993). Vandierendonck and
De Vooght (1997) tested spatial and temporal
reasoning under various forms of secondary-task
load assumed to tap the three components of
Baddeley’s (1986) model of working memory. All
three secondary tasks impaired reasoning accuracy;
this effect did not interact with the type of problem
(one-model, two-model-vc, and two-model-nvc
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problems). Such an interaction would be predicted
if limits of working memory particularly impaired
the construction of a second model.

Working memory capacity is known to be
highly correlated with reasoning ability as
measured by intelligence test scales (Engle,
Tuholski, Laughlin, & Conway, 1999; Kyllonen
& Christal, 1990; Süß, Oberauer, Wittmann,
Wilhelm, & Schulze, 2002). Few studies,
however, investigated the role of natural variation
in WMC for the construction and use of mental
models in deductive reasoning tasks (Copeland
& Radvansky, 2004; Handley, Capon, Copp, &
Harper, 2002; Wilhelm, 2005), and none of
them involved spatial deduction. Since it is not
clear whether the reduction of WMC that one
hopes to achieve through a secondary task has
the same effect on deductive reasoning processes
as has a naturally low WMC, such a study is
highly desirable in order to provide converging
evidence for the role of working memory in deduc-
tion. Therefore, we tested all participants in the
present study with four working memory tasks to
assess their capacity.

From previous experimental and correlational
studies we can expect that people with low
WMC will perform worse on the spatial tasks in
general. The present experimental design allows
us to investigate several hypotheses about why
WMC is related to deductive reasoning. One
view is that WMC limits the complexity of new
structural representations (Halford, Wilson, &
Phillips, 1998; Oberauer, Süß, Wilhelm, &
Sander, in press). This should affect the construc-
tion of mental models in the comprehension group
and the deduction group alike, and it should affect
both ambiguous and unambiguous problems,
because the construction of a single mental
model combining five objects should already tax
the capacity to build new structural represen-
tations. Alternatively, WMC could limit the
ability to handle multiple models and to compare
them to each other. This seems to be the view
endorsed by Johnson-Laird (Byrne & Johnson-
Laird, 1989; Johnson-Laird, 1983; cf. the discus-
sion of the cognitive load hypothesis in Roberts,
2000). In this case, the effect of WMC should

be particularly pronounced on ambiguous pro-
blems in the deduction group.

Moreover, we could expect that WMC modu-
lates the effect of ambiguity on reading times of
the critical premises, although the direction of
such an effect is not easy to anticipate: People
with low WMC could experience more difficulties
with constructing a representation of the ambigu-
ity (either through multiple models or through
annotations) and hence need more time on the
critical premises. Alternatively, people with low
WMC could tend to overlook the ambiguity
and proceed with constructing a single model
without hesitation. In this case, low-capacity indi-
viduals might read the critical premises faster than
those with high capacity, at the cost of longer
times or more errors in the evaluation of a
conclusion.

To summarize, we investigated reasoning from
spatial descriptions with two instructions, one
inducing comprehension, the other deductive
reasoning, in order to disentangle general compre-
hension processes from specific deduction-related
processes involved in the treatment of ambiguity.
We used reading times of individual premises
and an analysis of response patterns through mul-
tinomial modeling (Riefer & Batchelder, 1988) in
order to identify processes of theoretical interest.
Furthermore, we measured WMC in order to
explore its relationship to these processes.

EXPERIMENT

Method

Participants
A total of 159 high-school students participated in
the experiment. They participated in two 1-hour
sessions in a university laboratory, one devoted to
the working memory tests and the other to the
spatial tasks. Participants were assigned to the
comprehension or the deduction group in an alter-
nating fashion according to the date of their
spatial-task session. Participants with extremely
short reading times in the spatial task were
excluded from all analyses because they most
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likely did not read the premises carefully (i.e., par-
ticipants with more than a third of reading times
shorter than 2 s on the second and third premises,
compared to mean reading times of 7.51 and
7.78 s, respectively; their proportion of correct
responses ranged from 13 to .56). This led to
exclusion of 8 participants. We excluded 5
further participants with an overall accuracy
below the chance level of .25. The final sample
consisted of 146 participants; there were 36 partici-
pants with low WMC and 38 with high WMC in
the deduction group, and 35 with low WMC and
37 with high WMC in the comprehension
group. Sixty-two participants were male and 84
female; mean age was 17.8 years (SD ¼ 0.99).

Materials and procedure
Working memory test. Working memory was
assessed with four tasks that have been validated
in a large factor-analytic study as having high load-
ings on a verbal or a spatial workingmemory factor,
respectively (Oberauer, Süß, Schulze, Wilhelm, &
Wittmann, 2000). Two tasks—reading span and
numerical memory updating—measured verbal–
numerical working memory, whereas the other
two—spatial short-term memory and spatial
memory updating—were used as indicators of a
spatial working memory factor. Reading span
required participants to read a series of sentences,
rate each sentence as true or false by a key
press, and remember the last word of each sentence.
After a series ended, the last words had to be
written down in the correct order. Memory updat-
ing (numerical) started with presentation of two to
six digits, one in each of a set of frames on the
screen, after which a sequence of arithmetic oper-
ations was displayed in selected frames. The oper-
ations had to be applied to the memorized
contents of the respective frames, and at the end
the final values of three frames selected at random
had to be recalled. Memory updating (spatial)
used the same basic paradigm with dot positions
instead of digits as memory material. In each
frame, a dot appeared in one of nine possible
locations. The original task involved updating dot
positions through arrows displayed in the frames
(hence the task’s name), but a version without

updating operations turned out to be as good a
measure of working memory as the version with
updating, so we used the version without arrows
here. For the spatial short-term memory task, par-
ticipants saw a 10� 10 grid, in which between two
and six dots appeared one after another at random
locations. Participants had to reproduce the relative
positions of the dots in an empty matrix in their
answer sheet. For more detailed descriptions of
the tasks, see Oberauer et al. (2000). As expected
from previous research, the four working memory
tasks showed satisfactory reliability (Cronbach’s
alphas ranging from to .67 to .82) and correlated
substantially with each other (pairwise correlations
ranging from .27 to .53). In order to suppress task-
specific variance, we formed a composite score by
z-transforming scores from the four tasks and aver-
aging them.We then formed groups of participants
with high versus lowWMCby amedian split of the
whole sample prior to exclusion of participants (see
Participants section).

Spatial reasoning tasks. In each trial, four sentences
that described a spatial arrangement of geometrical
figures were presented. The spatial description was
followed by two conclusions that had to be evalu-
ated. An example of an item looks like this:

1. The semicircle is on the right of the
triangle.

2. The circle is on the right of the
semicircle.

3. The square is above the semicircle.

4. The cross is above the triangle.

Conclusions:

5. The square is on the
left of the cross.  Yes/No!

6. The cross is on the
left of the square.  Yes/No!

The spatial arrangement described always con-
sisted of three objects lined up along a main axis
oriented in one of four directions and two
objects aligned in the same direction orthogonally
to the main axis. The conclusion always involved
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the latter two objects. The spatial descriptions
were either unambiguous or ambiguous. In the
first case (one-model problems) the description
allows only one possible arrangement of objects;
in the second case two arrangements of objects
are compatible with the description. With regard
to the conclusions there were two sorts of ambig-
uous problem: problems with a valid conclusion
(two-model-vc) and problems with no valid con-
clusion (two-model-nvc). In the first case both
possible arrangements yield the same conclusion,
whereas in the second case the two arrangements
support different conclusions regarding the
relation of the two objects used in the conclusion
statements. Examples of the three problem types
used and corresponding spatial arrangements are
displayed in Figure 1. Each problem had the struc-
ture of one of the examples, with the additional
variation that premises were presented in one of
two orders with equal frequency—one was the
order 1–2–3–4 displayed in Figure 1, the other
one was 1–4–2–3. Through the variation of
premise order, the critical premise that could
introduce an ambiguity (Premise 2 in Figure 1)
was presented in the ordinal position 2 or 3, so
that participants could not anticipate an ambiguity
at a particular premise position. The relations “to
the right of”, “to the left of”, “above”, and
“below” were used. The computer program
selected axis orientation and polarity of the first
relation at random for each problem and each
participant and added the remaining relations
according to the problem structure.

Participants read the descriptions sentence by
sentence in a self-paced manner. Each time they
pressed the space bar, the next sentence appeared
on the computer screen, replacing the previous
one. Participants evaluated the conclusions by
pressing the left (YES) or the right (NO) arrow
key. The two conclusions were presented one
after the other in random order. Following six
practice items, we presented 32 items in random
order: 16 one-model problems, 8 two-model-vc
problems, and 8 two-model-nvc problems. All
materials were written in German.

There were two groups with different instruc-
tions. Both instructions introduced the possibility

of ambiguity in the description with an example
and explained in detail how to deal with it. The
deduction group was instructed to try to consider
all possible arrangements (i.e., mental models) if
confronted with an ambiguous description, while
the comprehension group was asked to consider
only one possible arrangement (i.e., mental
model). Participants in the deduction group were
instructed to accept only conclusions that followed
with logical necessity from the premises. The
critical parts of the instruction read as:

Please bear in mind that the conclusion has
to follow with logical necessity from the pre-
viously given information. Thus, there must
not be an arrangement of objects that is con-
sistent with the given premises in which the
conclusion offered is not true.

and later on:

Please check carefully whether it can posi-
tively be concluded in which relation the
two named objects stand to each other.
Consider all possible arrangements of
objects that are consistent with the given
information.

Participants in the comprehension group were told
that in ambiguous descriptions they should opt for
one of the possible readings of the description and
base their evaluation of the conclusions on the
interpretation that they choose. The critical
section of the instruction read as:

In this example the situation arises that
two different spatial arrangements are
possible. At this point you are free to opt
for one interpretation. Later on, your evalu-
ation of the statements at the end of a
problem should be consistent with your
interpretation.

We chose a response format that could be used in
both groups: Participants had to evaluate two con-
clusions that were opposite to each other. In the
comprehension group, participants were expected
to affirm one of them and reject the other. The
deduction group could also indicate that no valid
conclusion followed from the premises by
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answering “No” to both conclusions offered. This
circumvents the need to provide an explicit
response category “nothing follows”, which
would be meaningless for the comprehension
group.

Results

We first investigate whether reading times on pre-
mises that introduced ambiguity were elevated,
and whether this effect was limited to the deduc-
tion group or also observed in the comprehension

Figure 1. Examples of three types of problem (one-model, two-model-vc, and two-model-nvc problems) and possible spatial arrangements

that they describe.
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group, as well as its modulation by WMC. Next
we present corresponding analyses of reading
times on premises subsequent to the introduction
of ambiguity. We then provide an overview of
response patterns as a function of problem type,
group, andWMC. The responses that participants
selected are finally analysed by a multinomial
processing-tree model in order to identify
theoretical parameters that might be modulated
by instruction group or by WMC.

All data analyses involving reading times (RTs)
or evaluation times were restricted to correctly
solved problems. The times were log-transformed
before the analyses in order to approximate a
normal distribution. RTs that were three standard
deviations above the sample mean for each sen-
tence were regarded as outliers and did not enter
into the analyses. For all statistical analyses, an
alpha level of .05 was adopted. Partial h2 is
provided as a measure of effect size.

Reading times for the critical premise
Are reading times increased for premises that
introduce ambiguity? The first analysis compared
reading times of premises that introduced ambigu-
ity into a description with the corresponding
reading times of premises in unambiguous descrip-
tions. In the example below the description turns
ambiguous with the presentation of the second
premise (the ambiguity affects the relation of
semicircle and square to each other):

1. The semicircle is below the cross.

2. The square is below the cross.

3. The circle is on the left of the cross.

In the two-model problems the description turned
ambiguous either with the second or the third
premise. Because we were not interested in differ-
ences in reading times between the second and
third premises, we computed the mean reading
time of second and third premises that introduced
ambiguity and compared it to the mean reading
time of corresponding second and third premises
in one-model problems (see Figures 2 and 3). An
analysis of variance (ANOVA) was performed on
the log-transformed reading times of the critical
premise with ambiguity (one-model vs. two-
model problems) as within-subjects factor and
group (deduction vs. comprehension) and WMC
(high vs. low) as between-subjects factors.
Participants needed more time to read premises
that introduced ambiguity into a description
(9.19 s) than they needed to read the correspond-
ing premise in determinate problems (8.45 s), as
indicated by a main effect of ambiguity, F(1,
142) ¼ 11.02, p , .01, hp

2 ¼ .072. No other
effect proved significant; importantly, there
was no main effect of group and no interaction
(Fs , 1).

Table 1 displays the mean ambiguity effect (i.e.,
the difference between reading times in problems
with and without ambiguity) broken down by

Table 1. Mean ambiguity effect a by instruction groups and working memory capacity

Deduction Comprehension

Low WMC High WMC Low WMC High WMC

Statement read M SD M SD M SD M SD

Critical premise 0.48 3.40 1.21 1.70 0.44 3.04 0.85 2.42

First after critical 20.67 2.39 20.15 1.95 20.08 2.32 0.21 1.67

Second after critical 21.87 2.81 20.37 1.97 20.31 2.11 20.16 2.59

Conclusion 20.57 1.93 20.10 1.68 20.06 1.25 20.34 1.80

Note: WMC ¼ working memory capacity. Groups formed by median split.
aIn s.
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instruction group andWMC. Four follow-up ana-
lyses on subgroups were computed: The ambiguity
effect was significant separately for the deduction
group (0.85 s) as well as for the comprehension
group (0.65 s), F(1, 72) ¼ 6.37, p , .05, hp

2 ¼

.081, and F(1, 70) ¼ 4.69, p , .05, hp
2 ¼ .063,

respectively. Furthermore, the ambiguity effect
could be established for the group with high
WMC (1.03 s), F(1, 73) ¼ 20.58, p , .01,
hp
2 ¼ .22, but not for the participants with low

WMC (0.46 s), F(1, 69) ¼ 1.21, p ¼ .28. Thus,
there was no clear evidence that low-WMC
people noticed the ambiguity at all. The inter-
action between working memory and ambiguity,
however, did not reach significance, F(1, 142) ¼
2.00, p ¼ .16. Hence, the evidence that low
WMC is associated with reduced sensitivity for
an ambiguity in a spatial description is at best
suggestive.

Figure 2. Mean reading times for the deduction group and one-

model (1-MM) and two-model (2-MM) problems. Top panel:

Problems where the ambiguity is introduced in the second premise.

Bottom panel: Problems where the ambiguity is introduced in the

third premise. The critical premise introducing the ambiguity is

highlighted by a dotted rectangle. Error bars reflect 95%

confidence intervals. Confidence intervals overlap for conditions

that were described as significantly different in the text; this is

because the statistical tests were within-subject tests and were

conducted with data pooled over the two locations of introducing

the ambiguity, thereby reducing error variance.

Figure 3. Mean reading times for the comprehension group and

one-model (1-MM) and two-model (2-MM) problems. Top

panel: Problems where the ambiguity is introduced in the second

premise. Bottom panel: Problems where the ambiguity is

introduced in the third premise. The critical premise introducing

the ambiguity is highlighted by a dotted rectangle. Error bars

reflect 95% confidence intervals. Confidence intervals overlap for

conditions that were described as significantly different in the

text; this is because the statistical tests were within-subject tests

and were conducted with data pooled over the two locations of

introducing the ambiguity, thereby reducing error variance.
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Reading times for premises following
the critical premise
Mean reading time of the premise following the
critical premise were submitted to an ANOVA
with ambiguity (one-model vs. two-model
problems) as within-subjects factor and group
(deduction vs. comprehension) and WMC (high
vs. low) as between-subjects factors. The only
effect observed was a just-significant interaction
between group and ambiguity, F(1, 142) ¼ 4.05,
p ¼ .046, hp

2 ¼ .028. Participants in the deduction
but not in the comprehension group showed a
negative ambiguity effect on the premise directly
following the critical premise—that is, ambiguous
descriptions were read faster than unambiguous
descriptions (mean ambiguity effect was –0.41 s
and 0.07 s for deduction and comprehension
group, respectively). The second line in Table 1
displays the mean ambiguity effect on the
premise directly following the critical premise.

In the subgroup of problems in which the
ambiguity was introduced in the second premise,
reading times of the premise following two steps
after the critical premise can be analysed as well.
There was again a negative ambiguity effect, F(1,
142) ¼ 10.4, p , .01, hp

2 ¼ .068. As is evident
from the mean ambiguity effects in the third line
of Table 1, this negative ambiguity effect was
again larger for the deduction group than for the
comprehension group, and it was larger for partici-
pants with low WMC than for those with high
WMC, resulting in a significant interaction
between ambiguity and group, F(1, 142) ¼

10.23, p , .01, hp
2 ¼ .067, as well as between

ambiguity and WMC, F(1, 142) ¼ 7.64, p ,

.05, hp
2 ¼ .051.

In sum, the postcritical reading times showed
no evidence of being slowed down by a preceding
introduction of ambiguity. Whatever people did
to represent the ambiguity, this representation
apparently did not burden their working
memory during processing of the remaining
premises. In the Discussion we propose an expla-
nation of why premises following the introduc-
tion of an ambiguity were read even faster
than corresponding premises in unambiguous
descriptions.

Evaluation time (first conclusion)
The time that participants took to evaluate the
first conclusion can be informative about the
kind of representation that people built during
reading the premises (Vandierendonck et al.,
2004). If readers build a second mental model
for ambiguous descriptions during reading the
premises, they can immediately use this infor-
mation to evaluate a conclusion. If they represent
the ambiguity in less elaborate form (e.g., as an
annotation), they might need extra time to
unpack the annotation and use it for evaluating
the conclusions in the deduction group. The
comprehension group, in contrast, could disre-
gard the annotation as irrelevant. In that case,
the deduction group but not the comprehension
group should take longer to evaluate the first
conclusion in ambiguous (two-model) than in
unambiguous (one-model) problems. Likewise,
if participants in the deduction group keep
a verbal memory of the premises and use them
to construct a second mental model only when
it comes to evaluate a conclusion (e.g., through
the search for counterexamples), we should
expect longer conclusion evaluation times on
two-model problems than on one-model pro-
blems in the deduction group, but not in the
comprehension group.

This was not what we found. Participants
needed less time to evaluate conclusions from
two-model problems (4.64 s) than from one-
model problems (4.9 s), as reflected by a main
effect of ambiguity, F(1, 142) ¼ 4.64, p , .05,
hp
2 ¼ .032. Additionally, there was a significant

interaction between group and WMC,
F(1, 142) ¼ 7.54, p , .01, hp

2 ¼ .05: In the
deduction group there was no significant differ-
ence in evaluation times between participants
with high and low WMC, F , 1, whereas in
the comprehension group participants with high
WMC (4.33 s) were faster in evaluating the
conclusion than those with low WMC (5.26 s),
F(1, 71) ¼ 9.04, p , .01, hp

2 ¼ .113. The
bottom line of Table 1 shows the mean ambigu-
ity effects on the evaluation times of the first
conclusion broken down by instruction group
and WMC.
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Response patterns
Table 2 provides an overview of the response pat-
terns chosen by participants in the two instruction
groups to the three kinds of problem. We dis-
tinguish four patterns: responding “No” to both
conclusions (NN); responding “Yes” to both con-
clusions (YY); accepting one conclusion and
rejecting the other, thereby giving a correct
answer (YN-correct); and accepting one and
rejecting the other conclusion, thereby providing
an incorrect asnwer (YN-incorrect). A YN-
correct response pattern refers to selective accep-
tance of the correct relation in one-model and
two-model-vc problems, as well as any YN
response given by the comprehension group
to two-model-nvc problems. A YN-incorrect
pattern refers to selective acceptance of the
wrong relation in one-model and two-model-vc
problems, as well as any YN response given by
the deduction group to two-model-nvc problems.

We conducted two analyses of these data. First
we analysed accuracy of responses for those pro-
blems for which the criteria of correctness were
the same across groups: one-model problems and
two-model-vc problems. We evaluated as correct
response patterns where the correct conclusion
was accepted, and the opposite conclusion was
rejected (YN-correct in Table 2). Mean percentage
of correct rates for these two kinds of problem
were submitted to an ANOVA with group
(deduction vs. comprehension) and WMC as

between-subjects factors and problem type (one-
model vs. two-model-vc) as within-subjects
factor. A main effect of WMC emerged, F(1,
142) ¼ 32.3, p , .01, hp

2 ¼ .185, indicating that
participants with high WMC solved more items
correctly (mean percentages of correct rates were
0.77% and 0.61% for participants with high and
low WMC, respectively). The main effect of the
dichotomized WMC variable corresponds to a
correlation of r ¼ .50 between the WMC compo-
site score as a continuous variable and the mean
accuracy on the two types of spatial problem.
The main effects of group, F(1, 142) ¼ 10.62, p
, .01, hp

2 ¼ .070 and of problem type, F(1, 142)
¼ 19.46, p , .01, hp

2 ¼ .121, were modified
through an interaction between group and
problem type, F(1, 142) ¼ 13.63, p , .01, hp

2 ¼

.088. In the deduction group one-model problems
(72% correct) were solved correctly much more
often than were two-model-vc problems (56%).
For the comprehension group, accuracy of one-
model problems (74%) was indistinguishable
from accuracy of two-model-vc problems (72%),
consistent with the assumption that participants
in this group did not attempt to represent more
than one mental model in both cases.

The second analysis focuses on the two-
model-nvc problems. For these problems, partici-
pants in the deduction group were supposed to
respond “No” to both conclusions, thereby indicat-
ing that none of them followed with logical

Table 2. Mean proportions of response categories by instruction groups and types of problem

Group Problem type NN YN-c YN-i YY No. of trials

Deduction One-model 11.7/16.3 77.5/66.5 9.9/14.2 1.0/3.0 576/608
Two-model-vc 24.3/38.2 65.1/46.9 10.2/12.5 0.3/2.4 288/304

Two-model-nvc 71.7/56.9 27.3/37.8 1.0/5.2 288/304

Comprehension One-model 5.2/11.1 82.1/65.7 12.0/19.8 0.7/3.4 560/592
Two-model-vc 5.7/14.3 81.8/63.2 11.8/18.6 0.7/3.9 280/296

Two-model-nvc 6.8/13.2 91.6/81.8 1.7/5.0 280/296

Note: Cell entries are proportions of response types within each problem type; first entry ¼ group with high WMC; second entry ¼

group with lowWMC. Frequencies can be obtained by multiplying with the total number of trials in each group for each problem

type (last column). NN ¼ No/No answer; YN-c ¼ correct determinate answer (Yes/No or No/Yes); YN-i ¼ incorrect determi-

nate answer (Yes/No or No/Yes); YY¼ Yes/Yes answer. Cells are empty where the answer category is impossible: A determinate

answer (YN) for example was always wrong in the deduction group for two-model-nvc problems. Deduction ¼ deduction group.

Comprehension ¼ comprehension group.
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necessity. The comprehension group, in contrast,
was free to choose any determinate response
pattern—that is, any pattern accepting one and
rejecting the other conclusion. Thus, any pattern
involving one “Yes” and one “No” was correct in
the comprehension group but wrong in the deduc-
tion group, whereas the NN-pattern (i.e., rejecting
both conclusions) was correct in the deduction
group but incorrect in the comprehension group.
Therefore, accuracy could not be compared
across groups on this kind of problem.

We computed an ANOVA on the percentage
of NN-response patterns with group and WMC
as between-subjects factors to evaluate to what
degree the two groups followed their instructions.
If participants in the deduction group noticed the
ambiguity in the description and inferred from it
that the relation of the objects in question could
not be inferred with logical necessity, they
should respond NN more frequently than should
those in the comprehension group. This was
clearly the case, as indicated by a main effect of
group, F(1, 142) ¼ 167.8, p , .01, hp

2 ¼ .54.
Participants in the deduction group gave NN
answers to 64.3% of two-model-nvc problems,
whereas participants in the comprehension group
used this answer category for only 10.0% of
those problems, confirming that the instruction
differences affected people’s reasoning in the
intended way. The group effect interacted with
WMC, F(1, 142) ¼ 6.4, p , .05, hp

2 ¼ .04,
showing that participants with high WMC chose
the NN response more frequently when it was
correct (i.e., in the deduction group) and less
frequently when it was wrong (i.e., in the compre-
hension group).

A multinomial model of spatial reasoning
To obtain a more systematic interpretation of par-
ticipants’ responses, we developed a multinomial
processing-tree model (Riefer & Batchelder,
1988) to estimate theoretically meaningful par-
ameters from the distribution of response patterns
on different problem types in the two instruction
groups, separately for subgroups with high and
with low WMC. These models predict the
probabilities of the response patterns in Table 2,

using probabilities of assumed processing steps as
parameters. The tree structure of the model is dis-
played in Figure 4, together with the categories
with which each path terminates for the three
problem types in the deduction and the compre-
hension group, respectively.

The model assumes that in a first step people
successfully construct a first mental model of the
described arrangement of objects with probability
m1; this leads into the top path of the model.
With probability 1 – m1, this attempt fails, and
the person has to rely on guessing (bottom path).
After successful construction of the first model,
people notice with probability a that the descrip-
tion is ambiguous. For one-model problems, a
was fixed to 0, because there is no ambiguity to
be noticed. Likewise, for the comprehension
group, a was fixed to 0 because this group was
instructed to ignore any ambiguity. If the ambigu-
ity is not noticed, people choose a YN-response on
the basis of their first model. This will turn out to
be correct for two-model-vc problems. For two-
model-nvc problems, this choice is still correct in
the comprehension group, but it is incorrect in
the deduction group.

If an ambiguity is detected, people go on to
construct a second model with probability m2.
We do not assume that this is necessarily a detailed
second model—it could also be an annotation or
local extension to the first model, as long as it
carries information about how an alternative
arrangement looks like. Also, the model incorpor-
ates no assumption as to whether this extension is
constructed online during reading or later during
conclusion evaluation. If the second model is con-
structed, this will result in a correct YN-response
for two-model-vc problems. For two-model-nvc
problems, people in the deduction group will
provide the correct NN answer. If a person
notices the ambiguity but fails to construct a
second model, we assume that she or he invariably
chooses NN through a shortcut inference from
ambiguity to “nothing follows”.

If a person has to guess on a problem, their first
option is to decide whether they will provide a
determinate answer—that is, affirm one relation
and reject the other. This will be done with
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probability d. In that case, the person guesses one
relationship, and for one-model and two-
model-vc problems this will turn out to be the
correct one with guessing probability g. With
two alternatives, the expected probability of

guessing the right one is .5, so we fixed g ¼ .5.
For two-model-nvc problems the guess is always
wrong (YN-incorrect) in the deduction group,
but always correct (YN-correct) in the comprehen-
sion group, regardless of whether the process

Figure 4. Multinomial process model. Each branch of the tree represents a sequence of processing steps, where individual steps are performed

with a probability given by the parameters along the branch. Each branch results in a response category, depending on the type of problem and

the instruction group, as indicated on the right. YN-c ¼ Yes/No or No/Yes response, correct; YN-i ¼ Yes/No or No/Yes response, incorrect;

NN ¼ No/No, YY ¼ Yes/Yes; NA ¼ no outcome available because of constraints in the model.
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traverses along the g path or the 1–g path. If the
person decides against a determinate answer, they
have to choose between the NN- and the YY-
pattern. This choice is determined by a bias
toward affirmation: With probability b, the YY-
pattern is chosen.

We evaluated the model against the frequencies
of the response patterns in Table 2, separately for
the three problem types, the two instruction
groups, and the two WMC groups. The model
was fitted to the complete set of 44 frequencies
simultaneously, allowing different parameter
values for the two WMC groups, but not for the
two instruction groups. Thus, there were 10 free
parameters, 5 for each WMC group: m1, m2, a,
d, and b. This model fitted the data reasonably
well, G2(33) ¼ 45.96, p ¼ .07.1 The parameter
estimates, together with the result of a cross-
validation analysis, are summarized in Table 3.
Starting from this largely unconstrained model,
we successively introduced theoretically meaning-
ful constraints. The logic of this procedure is
that if constraining two parameters (or a parameter
and a constant) to be equal results in a significant
loss of fit, then the data support that they have
different values, and their difference is maintained
in the model.

In the first step, we tested models that con-
strained the free parameters on the guessing path,
d (guess a determinate response) and b (guess a
YY response), to be equal across WMC groups.
The d parameter could be constrained without sig-
nificant loss of fit, DG2(1)¼ 1.06, p¼ .30, but con-
straining the b parameter reduced the fit reliably,
DG2(1)¼ 7.36, p¼ .007. Therefore, we maintained
separate b parameters for the twoWMC groups but
a common d parameter.

The next step was to constrain the probability
of detecting an ambiguity, a, to be equal for the
two WMC groups. This constraint led to a negli-
gible loss of fit, DG2(1) ¼ 0.12, and was therefore

maintained. An attempt to constrain m2 to be
equal for the WMC groups failed, DG2(1) ¼

14.77, p , .001. Constraining m1 to be equal for
high- and low-WMC groups failed even more
dramatically, DG2(1) ¼ 100.86, p , .001.
Finally, we tried to set m1 and m2 equal within
each WMC group. This reflects the assumption
that the probability of successfully building an ade-
quate representation of the ambiguity, given that
one has detected it, is the same as the probability
of building an adequate first mental model. This
constraint, which resulted in a single parameter
m, led to a minimal reduction of fit, DG2(2) ¼

1.34, p ¼ .51. Thus, the final model maintained
six free parameters: m(high) ¼ .71, m(low) ¼ .50,
a ¼ .89, d ¼ .68, b(high) ¼ .10, b(low) ¼ .21.
This model had a satisfactory fit, G2(37) ¼

52.48, p ¼ .05.
From the substantial decrease of fit when the m

parameters were constrained to be equal across
WMC groups we can conclude that the most
important difference between people with high
and people with low WMC is their ability to con-
struct a mental model of the spatial arrangement.
This difference was evident for the successful con-
struction of a first mental model at least as much as
for successful representation of the second possible
spatial arrangement (either by a second mental
model or by an annotation to the first one).
Actually, in the final model these probabilities
could be captured by a single parameter m, which
was clearly correlated with WMC. In addition,
low-WMC participants exhibited a larger ten-
dency to respond YY, which was captured in
their larger b parameter. This suggests that pro-
cesses on the lower branch of the processing
tree reflect more than biased guessing. We specu-
late that participants with high WMC use a more
sophisticated guessing strategy, because they
understand that NN is sometimes the correct
answer, whereas YY cannot be correct—accepting

1 G2 is a maximum-likelihood statistic approximating the x2 distribution, and it can be used for model evaluation as well as

comparison of nested models (Hu & Batchelder, 1994). A model is nested in another model if it can be derived from that model

by constraining one or more free parameters. A nested model has a significantly worse fit than the model it originates in if the differ-

ence of their G2 statistics is significant, with df being equal to the number of free parameters eliminated through the additional

constraints in the nested model.
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two conclusions with opposite relations between
the objects is self-contradictory. The difference
between WMC groups in the b parameter could
therefore mean that high-WMC participants are
more likely to avoid irrational responses even
when they failed to construct an adequate rep-
resentation of the spatial arrangement.

In our model we did not explicitly capture the
consequences of specific errors in the construction
of a mental model—failure of constructing a
correct representation simply leads into the gues-
sing path. An attempt to be more explicit about
erroneous representations has been made by
Roberts (2000). He distinguished between con-
struction of a wrong (i.e., misoriented) model
and failure to construct any model. This leads
to the interesting possibility that reasoners some-
times construct two wrong models for two-
model problems. In case of two-model-nvc
problems, two wrong models are likely to lead to
the correct response—nothing follows—just as
two correct models do. Roberts (2000) successfully
fitted a mathematical model incorporating this
assumption to his data. We tested a version of
our processing-tree model that includes the possi-
bility of wrong models. In cases where the con-
struction of a correct model fails (i.e., on all
branches with probability 1 – m), we assumed
that people build a wrong model with probability
w, but failed to construct any model with

probability 1 – w. The latter case led into the
guessing path just as the 12m paths in
Figure 4. In the former case, the wrong models
were further differentiated into reversed models
(i.e., confusing left with right or above with
below; probability r) or rotated models (i.e., order-
ing the elements on the wrong axis; probability
1 – r). The resulting mental models led into
paths analogous to those following correct model
construction, but with the relationship of the
objects in the conclusion oriented in the wrong
direction in space in one or both models. With
two-model problems, this often results in two
incompatible conclusions, leading to an NN
response. Thus, people can arrive at the correct
response for two-model-nvc problems, albeit for
the wrong reasons.

The resulting processing-tree model had 16
parameters (the 12 of the original model plus
two w parameters and two r parameters for the
two WMC groups).2 This model did not fit the
data significantly better than did the original
model, DG2(4) ¼ 4.8, p ¼ .31. The w parameters
were estimated to be quite low, .06 in the high-
WMC group and .25 in the low-WMC group;
fixing them to 0 led to a nonsignificant loss of
fit. This means that only a small proportion of
errors can be accounted for by misoriented
mental models (i.e., captured by the new branch
introduced into the processing tree). We also

Table 3. Model parameter estimates and cross-validation results

High WMC Low WMC

Parameter Total Sample 1 Sample 2 Total Sample 1 Sample 2

m1 .69 .68 .71 .50 .55 .44

m2 .75 .70 .80 .50 .47 .53

a .92 .98 .86 .89 .93 .85

d .72 .70 .73 .65 .62 .69

b .10 .07 .14 .21 .16 .26

Note:Total refers to parameter estimates from the total sample. Sample 1 and Sample 2 are subsamples

obtained by random splitting of the total sample for cross-validation. G2 was 51.2 in Sample 1 and

39.1 in Sample 2; after fitting the data of Sample 1 with the parameter estimates from Sample 2 and

vice versa; G2 was 107.3 in Sample 1 and 120.8 in Sample 2. WMC ¼ working memory capacity.

2 Details of this model can be obtained from the authors.
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tried to fix w to 1, thereby cutting off the guessing
path and forcing the model to explain all erroneous
responses by reversal and rotation errors (as
Roberts, 2000, did). This led to a catastrophic
loss of fit, DG2(8) ¼ 2,903.1.

Our experimental procedure differed consider-
ably from typical experiments on spatial reasoning
in the literature, beginning with Byrne and
Johnson-Laird (1989). Apart from testing one
group under comprehension instructions, we
used a new response format, and we instructed
participants very explicitly about the possibility of
ambiguous descriptions, especially those leading
to conflicting results for the objects in the con-
clusion statements. Our results in the deduction
group also were unusual, with relatively good
performance on two-model-nvc problems, but
worse performance on two-model-vc problems.
Therefore, we attempted to fit our processing
model to a data set from Roberts (2000) that was
obtained with a more typical response format
and yielded more typical results (i.e., worst per-
formance on two-model-nvc problems) to test
whether it can be generalized beyond the special
circumstances of our experiment.

Experiment 1 in Roberts (2000) involved the
same three kinds of spatial problem that we
used. Problems were presented in two conditions
to different groups: a sequential condition in
which premises were read one by one as in our
experiment, and a simultaneous condition in
which participants received all premises at the
same time. Participants chose between four deter-
minate conclusions (involving the relations
“above”, “below”, “in front of”, and “behind”) and
the option to indicate that no valid conclusion
follows from the premises. We modelled the fre-
quencies of correct determinate responses (Det-
c), incorrect determinate responses (Det-i), and
“no valid conclusion” responses (NVC) for the
three problem types in the two presentation
groups. The corresponding proportions are pre-
sented in Table 4; the processing tree model is

depicted in Figure 5. The upper path of the
model is exactly as in Figure 4, leading to equival-
ent response categories (i.e., NVC in place of NN
and Det in place of YN). The guessing path below
was adapted to the response format of Roberts
(2000): With probability d, participants guess a
determinate response, and with probability 1 – d
they guess NVC. If a determinate response is
given, the correct one (in the case of problems
with a valid conclusion) is guessed with probability
g, which we fixed to .25, the probability of gues-
sing the right one out of four response alternatives.
Different parameter values were permitted for the
two presentation groups. Hence, there were eight
free parameters for 16 data points.

In its unconstrained form the model had an
excellent fit, G2(8)¼ 2.23, p¼ .90. We next intro-
duced constraints where they seemed theoretically
meaningful and were not rejected by a significant
loss of fit. We constrained d to be equal in both
groups, and we fixed m1 ¼ m2 in both groups.
None of these steps led to a significant reduction
of fit, and the resulting model still reproduced
the data without significant deviation, G2(11) ¼
4.87, p ¼ .94. The estimated parameters were
m ¼ .54 and a ¼ .39 in the group with sequential
presentation, andm¼ .67 and a¼ .74 in the group
with simultaneous presentation; d ¼ .87 for both
groups.3 Attempts to constrain m or a to be

Table 4. Proportions of responses in Experiment 1 of Roberts

(2000)

Presentation Problem type NVC Det-c Det-i

Sequential One-model .07 .65 .27

Two-model-vc .13 .54 .32

Two-model-nvc .28 .73

Simultaneous One-model .03 .78 .19

Two-model-vc .22 .55 .23

Two-model-nvc .53 .47

Note: Cell entries are proportions of responses in each presen-

tation group for each problem type. Frequencies can be

obtained by multiplying with 216 (36 participants � 6

problems).

3 A cross-validation of this model yielded the following pairs of estimates in the two subgroups of participants:m(serial)¼ .48/.61;

a(sequential) ¼ .44/.34, m(simultaneous) ¼ .66/.69, a(parallel) ¼ .72/.76, d ¼ .87/.86. The G2 values in the two groups after

swapping parameter estimates were 18.41 and 14.89.
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equal in the two groups were rejected by significant
losses of fit (DG2 ¼ 12.36 for m and 25.74 for a,
both p , .001 with df ¼ 1). The results confirmed
the conclusion of Roberts (2000) that participants
were more likely to construct representations of
both possible spatial arrangements from ambigu-
ous descriptions in the simultaneous presentation
condition than in the sequential condition. Our
model suggests that the difference between pres-
entation conditions lies mainly in the probability
to detect an ambiguity, but also in the probability
to successfully construct any mental model from

the premises (including the initial model, as is
reflected in the higher proportion of correct
responses even to unambiguous problems).

Discussion

We investigated how people differing in working
memory capacity handled ambiguity in spatial
descriptions when asked to comprehend the
description and when asked to evaluate con-
clusions for their deductive validity. The results
bear on two issues—how people process

Figure 5. Multinomial process model for the data of Roberts (2000). Det-c ¼ correct determinate response. Det-i ¼ incorrect determinate

response. NVC ¼ response “no valid conclusion”. NA ¼ no outcome available because of constraints in the model.
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ambiguities in spatial descriptions in comprehen-
sion and in reasoning, and how WMC is related
to people’s spatial reasoning performance.

Processing an ambiguity in spatial descriptions
When people encounter a statement that intro-
duces an ambiguity into a spatial description,
their reading is temporarily slowed down. Here
we showed that this occurs regardless of whether
they intend to arrive at a deductively valid con-
clusion from the description or just to understand
the description. According to the theory of mental
models, considering more than one model of the
spatial arrangement is necessary only for deductive
reasoning, whereas comprehension can be accom-
plished by constructing a single model. The tem-
porary delay in sentence processing, therefore,
most likely does not reflect any process specific
to deductive reasoning, such as constructing a
second mental model. Moreover, the effect was
small—less than one second and less than half a
standard deviation in all but the high-WMC
deduction group. This is hardly enough time to
reflect construction of a second mental model. A
more plausible interpretation is that the extra time
spent on the critical premise reflects the addition
of an annotation to a mental model to represent
the ambiguity. The finding that reading times on
postcritical premises were not at all slowed by ambi-
guity also suggests that a representation of the
ambiguity is minimal at best. A more elaborate rep-
resentation such as a complete second model should
have increased the load on working memory and led
to slower processes after the critical premise.

One could argue that slower reading of state-
ments introducing an ambiguity might reflect
nothing but a moment of uncertainty and the
time needed to overcome it, after which readers
proceed with constructing a single mental model
just like they do with a determinate description.
Such an interpretation, however, would predict
that participants in the deduction group could
not discriminate above chance between two-
model-vc and two-model-nvc problems. To do so
they must represent not only that the description
is ambiguous, but also the locus of the ambigu-
ity—that is, whether it affects the relation

between the objects in the conclusion statements.
The deduction group did this with reasonable
success. Therefore, at least some participants in
some cases must have considered two spatial
arrangements compatible with the description.
This could be done by constructing two fully elabo-
rated mental models or through a single model with
an annotation or isomeric variation specifying that a
particular relation is underdetermined. As argued
above, the reading time data make the construction
of a full second model during premise reading un-
likely. The conclusion evaluation times also showed
no extra time for constructing a second model for
ambiguous descriptions. This rules out the option
that participants construct a second model during
conclusion evaluation, when looking for counter-
examples to the conclusion.

Taking the results from the latency analyses and
the response patterns together, the most plaus-
ible conclusion is that participants often noticed
the ambiguity during reading of the critical
premise and used some extra time to add an annota-
tion to their current mental model to represent the
locus of the ambiguity. This seems to be an auto-
matic process that occurs even when not needed,
as in the comprehension group. If it succeeds, the
annotation can later be used to evaluate conclusions,
such that participants in the deduction group could
discriminate ambiguous problems with and without
a valid conclusion. Participants in the comprehen-
sion group would simply ignore the annotation.
The fact that conclusion evaluation times were not
longer for two-model than for one-model problems
in the deduction group implies that the annotation
is rich enough to support conclusion evaluation
without further unpacking. The annotation cannot
consist only in a mental footnote indicating that
“another model is possible”, but must specify the
locus and scope of the ambiguity within the existing
model, so that reasoners can distinguish between an
ambiguity that affects the two objects mentioned in
the conclusion and an ambiguity elsewhere.

With a multinomial model of the response pat-
terns we were able to estimate parameters assumed
to reflect processing steps on the way to people’s
conclusion evaluations. This enables us to quantify
the probability that participants in the deduction
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group took two alternative spatial arrangements
into consideration for their judgments by multi-
plying m (the probability of constructing a first
mental model) with a (the probability of detecting
the ambiguity) and m again (now representing the
probability of representing the alternative arrange-
ment in some way). For people in the group with
high WMC, this probability was .45, whereas for
people in the low WMC group it was .21.

An important assumption in our multinomial
processing model is that participants who detect
an ambiguity but fail to represent its nature will
infer that nothing follows from the description.
This explains the high proportion of NN-
responses observed on two-model problems, even
those for which a valid conclusion was possible.
This is an uncommon pattern—as mentioned in
the Introduction, most previous studies of spatial
and temporal reasoning found that people rarely
give the answer that nothing follows, resulting in
relatively high accuracy on two-model-vc pro-
blems, but very poor performance on two-
model-nvc problems. This pattern was even
found when all two-model problems in an exper-
iment were of the nvc kind, and participants
were made aware of this (Roberts, 2000, Exp. 3).

We believe that our instruction, which made
the possibility of ambiguous problems without a
valid conclusion very explicit, is responsible for
the uncommon pattern of responses that we
obtained. With a less explicit instruction we
expect that a smaller value of the a parameter
would be obtained, resulting in a higher pro-
portion of cases in which people respond on the
basis of their first mental model without consider-
ing any alternatives. This would generate the usual
pattern of reasonably high accuracy on two-
model-vc problems, together with many determi-
nate (YN) responses to two-model-nvc problems.
This expectation received some support through
the application of our model to the data from
Roberts (2000, Exp. 1). In the group with sequen-
tial presentation of premises, these data reflect the
usual pattern of reasonable performance on
two-model-vc problems, but catastrophic failure
on two-model-nvc problems. This pattern was
well captured by our model with an estimated

a parameter of only .39. Future research might
directly test the assumption that a variation in
alerting participants to a possible ambiguity in
the description affects the a parameter without
changing the other parameters of the model.

Incidentally, the assumption that participants
in the deduction group sometimes conclude that
nothing follows as soon as they detect an ambigu-
ity can also explain the surprising finding that their
reading times tended to be faster on premises fol-
lowing the premise that introduced an ambiguity.
If some participants sometimes jump to the
“nothing follows” conclusion immediately after
reading the critical premise, they can proceed
through the remaining premises quickly, thereby
lowering the average reading times on these pre-
mises. Support for this interpretation comes from
a post hoc analysis in which we classified
participants by how often they responded NN to
two-model-vc problems. The subgroup respond-
ing NN to more than four out of eight such
problems (n ¼ 17 in the deduction and n ¼ 2 in
the comprehension group) had huge negative
ambiguity effects on the postcritical premises,
whereas the remaining participants showed negli-
gible effects of ambiguity (deduction group, –1.47
vs. 0.35 s; comprehension group, –3.54 vs. 0 s).
This difference was significant in the deduction
group, F(1, 72) ¼ 5.04, hp

2 ¼ .07; no analysis
was possible in the comprehension group.

The role of working memory capacity
Not surprisingly, WMC was correlated with
overall accuracy. Through the multinomial model
we were able to estimate theoretically meaningful
parameters for groups with high and with low
WMC. This analysis revealed that WMC makes a
difference mainly for the probability of construct-
ing an adequate mental model of the described
spatial arrangement. There was no difference
between WMC groups in their ability to detect an
ambiguity—both groups noticed ambiguity with
high probability if they managed to construct a
first model. People with low WMC, however,
were less likely to determine the precise locus of
the ambiguity. Therefore, they were less able to
distinguish between ambiguities that preclude a
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logically valid conclusion and those that still permit
a valid inference about the relation between the
objects in the conclusion statement. In addition,
people with low WMC were more likely to give
clearly irrational responses—that is, affirming both
conclusions although they asserted contradicting
relations between the two objects in question.

These findings suggest that limits of WMC do
not affect processes specific to deductive reasoning,
such as the search for counterexamples to a first
mental model (indexed in the model by the detec-
tion of ambiguity parameter). Instead, they limit
the construction of mental models during compre-
hension of spatial descriptions regardless of whether
readers intend merely to understand the text or to
derive logically valid conclusions. This converges
with a wealth of findings showing that WMC is
correlated with text comprehension (Daneman &
Merikle, 1996) as well as with reasoning ability
(e.g., Kyllonen & Christal, 1990; Süß et al.,
2002). Apparently, limits of WMC do not affect
deductive reasoning through constraints on pro-
cesses specific to reasoning. Instead, they affect
reasoning ability by limiting the complexity of
structural representations, such as mental models
of spatial arrangements, which are necessary for
deductive reasoning as much as for many other
tasks (Halford et al., 1998; Oberauer et al., in press).

GENERAL CONCLUSIONS

To conclude, our results show that at least some
participants—in particular those with high
WMC—sometimes represent more than one
spatial arrangement compatible with a description
when asked to evaluate the deductive validity of a
conclusion. The latencies of reading individual
premises and evaluating conclusions, however,
question the assumption that people build a fully
elaborated second model to represent an alterna-
tive spatial arrangement. The reading time data
are more compatible with the assumption that
people add an annotation to their mental model
capturing the ambiguity (Schaeken et al., in
press; Vandierendonck et al., 2004). Some
minimal representation of the ambiguity, including

which relation is left indeterminate, must be formed
at least sometimes because otherwise participants in
the deduction group would not be able to ade-
quately distinguish between the three problem
types at all. Apparently this happens independently
of its usefulness for the task at hand, because even
participants in the comprehension group were
slower on reading premises introducing an
ambiguity.

The response pattern could be captured well by
a simple processing model. This model served to
estimate the probability of theoretically assumed
processes and to assess the effect of WMC on
them, thereby providing a means to investigate
which components of reasoning performance are
limited by WMC. This analysis showed that
WMC limits the construction of mental models
and thereby constrains performance in compre-
hension and deductive reasoning alike.
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