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Previous research (Oberauer & Wilhelm, 2000) has shown an inherent directionality between
the two terms linked in premises of typical deductive reasoning tasks. With three experiments
we investigated the effect of inherent directionality on the time to integrate two premises and
for the derivation of a conclusion. We varied figure (i.e., order of terms in the premises) and
direction of inference (i.e., order of terms in the conclusion) in deduction tasks from various
domains (propositional reasoning, syllogisms, spatial, temporal, and linear order reasoning).
Effects of figure on premise reading times varied with the directionality of the relations. Effects
of direction of inference reflected the same directionality for a subset of relations. We propose
that two factors are jointly responsible for a large part of observed directionality effects in premise
integration: the inherent directionality of relational statements and a general advantage for a
given—new order of terms in the second premise. Difficulty of deriving a conclusion is affected
by the directionality or relations if and only if the relation is semantically asymmetric, so that
the directionality must be preserved in the integrated mental model.

Deductive reasoning means drawing a conclusion that follows with logical necessity from given
premises. This usually requires integrating two or more premises. Often, each premise
expresses a relation between objects, categories, or situations—for example, the premises of
a spatial inference could be: “The car is on the left of the motorcycle. The truck is on the
left of the car”. Deductive reasoning requires integrating the relations stated in the prem-
ises and inferring a new relation, for example, “The truck is on the left of the motorcycle”.
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Beginning with DeSoto, London, and Handel (1965), theorists have proposed that people
build integrated relational representations from several premises, for instance mental arrays
of the spatial relationships of the vehicles mentioned in the premises above. In such a repre-
sentation a new relation often emerges that can be used as a potential conclusion. The most
elaborated version of this idea is the theory of mental models (Johnson-Laird, 1983;
Johnson-Laird & Byrne, 1991).!

In this article, we are concerned with the processes by which people form integrated
representations from relational premises and derive conclusions from them. We speak of
relational premises in a broad sense: Premises may relate two objects to one another (e.g.,
“The truck is on the left of the car”), they may relate categories (e.g., “All authors are
beggars”), or they may express a relation between two situations or states of affair (e.g., “If
it is night, then the door is locked”). They all have in common that according to the theory
of mental models they call for representations with two elements and one relation between
them. We assume, in line with a background assumption of the model theory, that there are
principles of comprehension and reasoning that generalize across these different kinds of
relational premises. In the next section, we discuss three principles that could govern prem-
ise integration, and derive predictions from them for the difficulty of premise integration.
Next we discuss three principles of conclusion derivation and what they predict for the dif-
ficulty of drawing a conclusion from an integrated representation of two premises.

Principles of premise integration

In a previous article (Oberauer & Wilhelm, 2000) we argued that most relational statements
used in deductive reasoning tasks have an inherent semantic directionality. One of the terms
that figure as arguments of the relation is designated as the reference object or relatum, and
the other has the role of a target object that is described relative to the relatum. For example,
the statement “The truck is on the left of the car” specifies the car as the relatum and the
truck as the target. The target’s location is specified relative to the relatum, which serves as
reference object.

We assume that verbal statements are understood as instructions to build mental models
in two steps. In the first step, a representation of the relatum is identified in the current dis-
course model, and if none is found, such a representation is formed in working memory. In
the second step, a representation of the target is added to the mental model relative to the
relatum according to the relation specified in the statement. This procedure gives rise to the
relatum = given principle (Hornig, Oberauer, & Weidenfeld, in press): The second premise is
integrated more easily with the first premise if the relatum of the second premise has already
been given by the first premise. For example, following “A is on the left of B”, a second
premise “C is on the right of B” is easier to integrate than “B is on the left of C”.

Our analysis of spatial relations builds directly on ideas from Miller and Johnson-Laird
(1976) and Logan (1995). In our previous work (Oberauer & Wilhelm, 2000) we extended it
to other relational expressions frequently used as premises in deductive reasoning tasks:

'Our approach to premise integration was inspired by the mental model theory, and therefore we call these
representations mental models, acknowledging that our results are also compatible with other theories that assume
relational representations to integrate several premises.
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temporal relations (e.g., “A happened before B”), comparative relations (e.g., “A is larger
than B”), relations between quantified categories (e.g., “All A are B”), and propositional con-
nectives (e.g., “if A then B”, “A or B”). We argued that most of these relational expressions
have an inherent directionality. For some of them—for instance, spatial relations of the form
discussed above—the second term is indicated as the natural relatum, relative to which the
first term, the target, is attached in a second step of model construction (we call this back-
ward directionality). For others—for example, statements with quantifiers like “all” and
“some”—the first term serves as the relatum and the second as the target attached to it (this
is called forward directionality). Still other relational statements—for example, disjunctions—
have no inherent directionality at all. The third column of Table 1 presents a summary of the
semantic analysis of the relations we investigated. Evidence for this analysis comes from a
series of experiments with sentence—picture verification tasks: Verification latencies were
shorter when the picture of the relatum was presented before the picture of the target object
than with the reversed presentation order (Oberauer & Wilhelm, 2000). The results of these
experiments are summarized in the column labelled “Picture verif.” in Table 1.

Johnson-Laird and Bara (1984) assume that working memory operates according to a
Sirst-in—first-out (FIFO) principle: The information that first enters working memory tends
to be the first one in the output. Moreover, elements must be adjacent in working memory
in order to be linked. Hence, premise integration should be easiest when the first term of the
second premise matches the second term of the first premise.

TABLE 1
Predicted and observed directionality of relations
Picture Premise

Relation Statement Predicted verif. integration Inference
Conditional If P then Q P->Q P->Q P->Q(E]D) P—->Q(EL)
Biconditional If and only if P then Q_ P-Qor P-Q P->Q(EID P->Q(ED

P—-Q
Reverse PifQ P—Q P—Q P-Q(E1) P«—Q(EID)
conditional
Quantifiers All (Some, No...) P—>Q P->Q P—-Q(EL E3) P—Q(El-

PareQ replication)

Disjunction P or Q (but not both) P-Q P-Q P-Q(E1) P-Q(E1)
Spatial P is on the right/left of Q P<—Q P<Q P-Q (E1, E2) P-Q(El, E2)
Temporal P happened before/after Q P<—Q — P-Q (E2) P-Q (E2)
Comparative P is larger/smaller than Q P<—Q — P-Q(E2) P-Q (E2)

Note: Predicted directionality effects are based on the analysis of inherent directionality of various relations
(Oberauer & Wilhelm, 2000). “Picture verif.” refers to findings from sentence—picture verification experiments
(Oberauer & Wilhelm, 2000). “Premise integration” refers to effects of figure on reading times for the second
premise in the present experiments. An advantage for figure 1 (A-B, B-C) is the empirical signature of forward
directionality (P—Q); an advantage for figure 2 (B-A, C-B) indicates backward directionality (P« Q).
“Inference” refers to directionality effects at the inference stage, evidenced by Direction of Inference X Figure
interactions on latencies of the third premise (Experiment 1) or conclusion evaluation times (Experiments 2—4). An
advantage for direction A—C with figure 1 (AB, BC) and for direction C-A with figure 2 (BA, CB) indicates direc-
tionality P — Q; the reverse interaction indicates directionality P« Q. E1 to E3 refer to Experiments 1 to 3;
P—Q indicates no directionality.
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TABLE 2
The four possible figures for reasoning tasks with two
relational premises

Figure 1 Figure 2 Figure 3 Figure 4

First premise A-B B-A A-B B-A
Second premise B-C C-B C-B B-C

Note: In this schema, B refers to the middle term (i.e. the term
that appears in both premises), A refers to the end term of the first
premise, and C refers to the end term of the second premise.

The third principle we consider is the given—new principle, which was introduced by Clark
and Haviland (1977) and applied to premise integration by Hornig et al. (in press): Premise
integration is easier when the term already given in the first premise (i.e., the middle term
occurring in both premises) is mentioned first in the second premise.

The three principles have different implications for the ease of integration of premises in
different figures. The term figure refers to the arrangement of the three terms in deductive
reasoning tasks that use two relational premises sharing one term, called the middle term.
The classical tasks of this sort are Aristotelian syllogisms, for example “All A are B, some B
are C”. Here, A and C are the end terms, and B is the middle term. Table 2 presents the four
possible figures, numbered after Johnson-Laird and Bara (1984). Here we use figures as a
general schema for the arrangement of terms in problems with two relational premises.

According to the relatum = given principle, the difficulty of integrating different figures
should depend on the inherent directionality of the premises involved. With backward
directionality, the relatum of the second premise is already given in the first premise in fig-
ures 2 and 3, but it is a new end term in figures 1 and 4. Therefore, figures 2 and 3 should
be easier than figures 1 and 4 when relations with backward directionality are involved. With
forward directionality, the prediction reverses. The relatum of the second premise—now the
first term—is already given in figures 1 and 4, and therefore these should be the easier fig-
ures. Similar arguments have been made for spatial deductions by Baguley and Payne (2000)
and for linear order problems by Huttenlocher (1968; Huttenlocher & Higgins, 1971).

The FIFO principle predicts that regardless of relations, figure 1 should be easiest
because it presents the two instances of the middle term in close succession. Figure 2 also is
relatively easy because the order of the two premises can be reversed in working memory,
and this brings the two end terms into succession (Hunter, 1957; Johnson-Laird & Bara,
1984). Figures 3 and 4 are equally difficult because bringing the end terms together requires
inverting one of the premises, and this often involves a reformulation (e.g., “All cars are vehi-
cles” is not the same as “All vehicles are cars”). The given—new principle predicts that
regardless of relations, figures 1 and 4 should be easier than figures 2 and 3, because only in
the former is the principle met.

The available evidence so far is broadly consistent with the relatum = given principle.
Baguley and Payne (2000) measured reading times for individual statements of spatial
descriptions relating five objects. The first two sentences of each description involved three
objects in either figure 1 (AB, BC) or figure 2 (BA, CB). The second statement was read
faster in figure 2 than in figure 1, indicating that premise integration is easier in figure 2.
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Analogous observations were made in research on linear order problems involving compar-
atives, such as “Peter is taller than Jane, Anne is taller than Peter” (e.g., Clark, 1969;
Huttenlocher, 1968). A comprehensive overview of this research can be found in Evans,
Newstead, and Byrne (1993). Their summary of results (p. 169) reveals a pattern similar to
that observed with spatial relations: Shorter overall solution times were observed for figure 2
than for figure 1.

This effect contrasts with the observations on syllogisms with quantifiers, where figure 1
seems to be easier to integrate than figure 2 (e.g., Bara, Bucciarelli, & Johnson-Laird, 1995;
Johnson-Laird & Bara, 1984; Johnson-Laird & Steedman, 1978; Rips, 1994)—as would be
expected from the forward directionality of the premises, but also from the FIFO principle.

Support for the given—new principle was obtained by Hornig et al. (in press) with spatial
relations. In that paper we also showed that the given—new principle can neutralize the
relatum = given principle when the premises have backward directionality. In statements
like “A is on the left of B” or “A is taller than B”, the relatum is mentioned after the target.
To fulfil the relatum = given principle, it would have to be given, but this necessarily vio-
lates the given—new principle, which asks for the given term to be mentioned first. As a con-
sequence, the predicted effects of the given—new principle are exactly opposite to those of
the relatum = given principle in the case of backward directionality. Therefore, the two
effects are likely to neutralize each other, leaving no observable effect of figure.

Principles of deriving a conclusion

So far, we discussed effects of term order (i.e., figure) on the integration of premises. Order
effects could also arise at the next step, the formulation of a conclusion based on an inte-
grated mental model. In fact, many of the findings discussed above as support for effects of
term order are not suited to distinguishing between these two loci of the effect, because they
concern only the end product of the reasoning process (i.e., total time or the conclusion
selected). In the experiments presented here we used reading times for individual premises,
as well as latencies for evaluating conclusions, to distinguish between effects of term order
at the premise integration and the inference stage.

The FIFO principle predicts that a conclusion is preferentially drawn with terms in the
order in which they entered working memory. Hence, figure 1 (AB, BC) gives rise to con-
clusions with term order A—C, whereas figure 2 (BA, CB), after reordering the premises,
generates conclusions with term order C-A. The remaining two figures should generate no
strong preference for a conclusion order. This prediction was largely borne out in research
on syllogisms (e.g., Bara et al., 1995; Johnson-Laird & Bara, 1984; Johnson-Laird &
Steedman, 1978; Rips, 1994).

Several proposals have been made to explain the effects of figure on conclusion order in
syllogisms by a syntactic principle (e.g., Polk & Newell, 1995; Wetherick & Gilhooly, 1990).
The common core of these proposals is captured by the attachment heuristic of Chater and
Oaksford (1999; Oaksford & Chater, 2001): If only one of the end terms is the grammatical
subject of a premise, it is used as the grammatical subject of the conclusion. This generates
a preference for A—C conclusion order with figure 1 and a preference for C-A conclusions
with figure 2.
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The inherent directionality account (Oberauer & Wilhelm, 2000) makes direct predictions
only for premise integration. However, one could extend the account by assuming that the
integrated mental models preserve the directionality of the individual premises they represent.
In that case, directionality would also affect the preferred order of a relational conclusion. For
example, after integrating “All A are B. All B are C”, the resulting mental model could have
directionality from the A to the C element (A — C), thus leading to a preference for conclu-
sions of the form “Some A are C” over “Some C are A”; thereby explaining the differential
conclusion preferences in different figures of syllogisms (Johnson-Laird & Bara, 1984).

Term order effects from another domain of reasoning could also be explained in this way.
Evans (1993), in his review of studies on conditional reasoning, first proposed that represen-
tations of conditionals have an inherent directionality from the antecedent to the conse-
quent. Direct evidence for this idea is provided by Barrouillet, Grosset, and Lecas (2000).
In a reaction time experiment with the four basic conditional inferences they found that the
“forward” conclusions modus ponens (MP) and denial of the antecedent (DA) were evalu-
ated faster than the “backward” conclusions acceptance of the consequent (AC) and modus
tollens (MT).?

To summarize, several findings obtained with different deductive reasoning tasks suggest
term order effects consistent with one or the other principle discussed. So far, these obser-
vations have been made only within specific domains of deductive reasoning. There is no
systematic comparison of order effects across kinds of relational premises and no integrative
theoretical account. We hypothesize that the differences in difficulty with integrating the
premises of various relational reasoning tasks can be explained at least in part by one general
principle, the relatum= given principle, which generates different effects across domains
due to the different inherent directionalities of the premises. The goal of our present work
is to test this hypothesis. A second goal is to explore effects of figure and term order in pro-
posed conclusions on the difficulty of evaluating these conclusions. This would inform us
whether the directionality of individual premises is preserved in the integrated mental
model constructed from them, and which other principles proposed for the derivation of
conclusions receive empirical support.

EXPERIMENT 1

The purpose of the first experiment was to investigate figural effects for a set of relations from
different domains of deductive reasoning within a common experimental paradigm.
Participants were asked to evaluate conclusions from sets of three premises. The first two
premises were relational statements, whereas the third premise and the conclusion were state-
ments that affirm or negate one of the three terms interrelated by the previous premises.
A task with conditionals, for example, could have the form

?For conditional inferences, four standard forms are defined depending on the second (“minor”) premise:
Following “If A then B”, a second premise “A” licenses the conclusion “B” by modus ponens (MP), and a second
premise “not B” licenses the conclusion “not A” by modus tollens (MT). A second premise “not A” leads to the
form denial of the antecedent (DA), and “B” results in acceptance of the consequent (AC); these two arguments
are not valid with a standard conditional, but are valid with a biconditional.
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If A, then B
If B, then C
A
Therefore, C

This schema combines the classical form of Aristotelian syllogisms (two relational prem-
ises) with the standard format of propositional inferences (one relational and one elementary
premise). The experimental factors were figure and direction of inference. We chose figure
1 (AB, BC) and figure 2 (BA, CB), because they yield valid conclusions for all relations in
this study. In fact, they license the same conclusions (after exchanging A and C) because they
differ only in the order of the two premises. Direction of inference was varied by using either
A or C in the third premise, leaving the other end term for the conclusion. The third, ele-
mentary premise could be either positive (stating A or C) or negative (stating not A or not
C). We implemented this task schema with six relations: the standard conditional (“If A then
B”), the reversed conditional (“A if B”), the biconditional (“If and only if A then B”), the
quantifier all (“All A are B”), the exclusive disjunction (“Either A or B”), and spatial rela-
tions (“A is on the left/right of B”). These relations were chosen because they are transitive
and thereby can license valid inferences from the combination of two relational premises.

The main dependent variables were reading times for the second premise as indicators of
premise integration difficulty, as well as reading times for the third premise and the conclu-
sion as indicators of conclusion evaluation difficulty. The relatum = given principle predicts
an interaction of figure with the type of relation on reading times of the second premise:
Relations with forward directionality should show an advantage for figure 1, whereas those
with backward directionality should show an advantage for figure 2. The FIFO principle and
the given—new principle both predict an advantage for figure 1.

For conclusion evaluation, the FIFO principle predicts an interaction of figure with direc-
tion of inference. With figure 1 there will be an advantage for conclusions in direction A—C.
Hence, there should be shorter reading times for a third premise stating A or not-A, and for
a conclusion stating C or not-C, than for the alternative order. With figure 2, FIFO predicts
an advantage for inference order C-A. The syntactic principle makes no prediction in the
present experiment, because the conclusion is not stated as a relational expression in which
one term is the subject. Instead, both terms have the same syntactic role in the conclusion.

The inherent directionality account makes predictions for the preferred direction of
inference if directionality is preserved after premise integration. Drawing a conclusion
should be easier if the direction of inference follows the inherent directionality of the inte-
grated mental model. For example, for a relation with forward inference, the two relational
premises in figure 1, A— B, B— C, can be integrated into a new relation A — C. This
should make an inference from A to C easier than one from C to A. With figure 2 (B— A,
C —B), however, premise integration will yield the integrated relation C— A. This will
make inferences from C to A easier. Hence, with forward directionality the prediction is the
same as that from the FIFO principle. Relations with backward directionality should lead to
the reversed pattern: figure 1 (A<« B, B« C) leads to the relation A < C, favouring an
inference from C to A in the paradigm employed here. Figure 2 should make an inference
from A to C easier. This results in a three-way interaction between figure, direction of infer-
ence, and directionality (forward vs. backward) of the relation.
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Method
Participants

Participants were 177 students from the University of Mannheim, mainly from psychology, who
took part for course credit. Participants in the six experimental groups were recruited at different
times, so that their assignment to groups was not random. The six subsamples were drawn from the
same population and were comparable with respect to basic demographic data.

Materials

For each of the six relations (standard conditional, reversed conditional, biconditional, quanti-
fier “all”| spatial, and exclusive “or”), 32 computerized items were constructed. Each item con-
sisted of two consecutive relational premises, one elementary premise, and one conclusion. The
premises for all relations except the spatial ones were statements about people’s professions.
Relational premises with the quantifier could be, for example, “All chemists are directors”, and con-
ditional premises were formulated as in: “If there is a chemist, then there is a director”. The third
premise always was a statement such as “This person is a director” for quantified problems and
“There is a director” for propositional problems. Participants were instructed to imagine people at
a party, and they were told that “this person” refers to the same person in the third premise and
the conclusion. The spatial premises used geometrical figures such as “The triangle is on the left
of the square”, and the third premise and conclusion statements located a dot relative to the end-
term objects, for example “The dot is in the triangle” and “The dot is on the left of the square”,
respectively.

Relation was varied as a between-subjects factor, because the inference tasks follow a general
schema, regardless of relation, and we wished to avoid participants abstracting this schema (e.g.,
respond “yes” whenever the premises are of the form AB, BC, A) and disregarding the specific rela-
tion involved. Three factors were varied within subjects: (a) figure (1: AB, BC vs. 2: BA, CB); (b) direc-
tion of inference (A—C vs. C-A); and (c) negation (positive vs. negated third premise). In the case of
the spatial relation, negation was realized by using the opposite relation in the conclusion statement.
For example, when the first and second premises used the “on the left of” relation, the conclusion
would use “on the right of . Thus, different from the other relations, negation in this case was appar-
ent only in the conclusion statement.

An item with figure 1 (AB, BC), direction of inference A—C, and positive third premise, for example,
reads as follows:

1. Premise: “All chemists are directors”

2. Premise: “All directors are architects”

3. Premise: “This person is a chemist”

4. Conclusion: “This person is an architect?”

In contrast, an item with figure 2 (BC, AB), inference from C to A, and negation could be:

1. Premise: “All chemists are directors”

2. Premise: “All architects are chemists”

3. Premise: “This person is not an architect”
4. Conclusion: “This person is not a director?”
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For the spatial relations, an item with figure 1 (AB, BC), inference from A to C, and negation would

be:

1. Premise: “The triangle is on the left of the square”

2. Premise: “The square is on the left of the diamond”

3. Premise: “The dot is in the triangle”

4. Conclusion: “The dot is on the right of the diamond?”

Through the orthogonal variation of direction of inference and negation, half of the proposed infer-
ences were valid, and half were invalid for the relations “all”, “if . . . then”, reversed conditional, and the
spatial relations. The invalid inferences were AC and DA, while the valid inferences were MP and M'T.
Thereby validity was balanced over the two directions of conclusion and the two values of negation. For
“if and only if”, however, all conclusions would have been true because AC and DA are true with a bicon-
ditional premise. The same holds for the exclusive disjunction. Therefore, we negated the conclusions of
AC and DA items in the biconditional and the disjunction tasks. This resulted in the false conclusions
from positive consequent to negated antecedent (e.g., “There is an A”/“There is no C”, modified AC) and
from negated antecedent to positive consequent (e.g., “There is no A”/“There is a C”, modified DA). We
did the same for the standard and the reversed conditional to preserve the parallelism between relations.
Due to a program error, AC and DA were not modified for the quantifier “all”. Since the modification was
not confounded with any variable of interest, we believe that this error did not compromise the results.

Procedure

Participants worked on six practice trials before the test items. Presentation order of the 32 test
items was randomized individually for each participant by the program. The three terms were chosen
at random for each test item from a set of four nouns. The three premises and the conclusion were pre-
sented on the screen in a single line, one at a time, and participants decided by pressing the space bar
when to turn to the next statement. They were instructed to take as much time as they needed to read
the three premises, but to react as quickly as possible to the conclusion statement. The conclusion had
to be evaluated as true when following logically from the premises and false otherwise. Responses were
given through two keys separated by one key on the keyboard with labels “yes” and “no” attached to
them. Participants were tested in small groups; the experiment lasted about 30 minutes.

Results
Data treatment

Usually, data associated with incorrect responses are eliminated from analysis in reaction
time experiments. This is done to filter out latencies from trials where the cognitive pro-
cesses of interest presumably did not work, for example due to lapses of attention. In diffi-
cult reasoning tasks, however, most errors are not due to lapses of attention but due to
reasoning processes, just as the correct responses are. Therefore, reading latencies from indi-
vidual trials that are later responded to incorrectly are arguably as informative as those with
a correct response. On the other hand, some participants made so many errors that we doubt
that they understood the task. Therefore, instead of eliminating latencies associated with
errors on a trial-by-trial basis, we decided to eliminate all data from those participants who
gave correct responses to less than 17 of the 32 tasks completely, because we could not be
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Figure 1. Mean processing times of the second premise in Experiment 1 by figure. Error bars correspond to one
within-subject standard error computed by the method of Bakeman and McArthur (1996).

sure that they did the task as instructed. The final number for each group, and the numbers
of excluded participants, were as follows: standard conditional 27/3; biconditional 31/0;
reversed conditional 28/3; “all” 19/10; disjunction 25/4; spatial 25/2. All analyses of laten-
cies were run again after excluding data from trials with incorrect responses, and the same
effects were obtained except where explicitly noted below.

Latencies shorter than 250 ms or longer than three standard deviations above the individ-
ual’s mean were eliminated; 1.85% of data were lost by this procedure. All latencies were
transformed logarithmically, and all percentage correct values were arcsin-transformed to
approximate normal distributions. An alpha level of .05 was adopted for all tests of significance.

Latencies

Three 6 (relation) by 2 (figure) by 2 (direction of inference) by 2 (negation) analyses of
variance (ANOVAs) were computed for the reading times of the second and the third
premise as well as the time for evaluating the conclusion.® We report only effects of theoreti-
cal interest. First, we present effects of figure on reading times on the second premise to test
predictions concerning the difficulty in integrating the two relational premises. Following
this, we report effects of the direction of inference on latencies for reading the third premise
and for evaluating the conclusion to investigate effects of conclusion derivation principles.

Premise integration stage. 'The effects of figure on reading times of the second premise
are shown in Figure 1. Overall, the second premise took longer to read with figure 2 than
with figure 1, F(1, 149) = 51.64, MSE = 0.13. As predicted by the relatum = given princi-
ple, figure interacted with relation, F(5, 149) = 12.03, MSE = 0.13. Separate ANOVAs

SWhere a between-subjects factor was involved, homogeneity of variance was tested by Levene’s test, and in the
case of a significant deviation from homogeneity, the contrast in question was tested by a Kruskal-Wallis test. This
nonparametric test led to the same conclusion as did the ANOVAs in all cases.
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within the six groups showed an advantage of figure 1 for the standard conditional, F(1,
26) = 57.02, MSE = (.12, the biconditional, F(1, 30) = 54.09, MSE = 0.10, and the quan-
tifier “all”; F(1, 18) = 23.43, MSE = 0.11. For the other three relations, no effects of figure
were observed (all Fs<<2.3). Thus, figural effects on the reading times of the second
premise were observed only for the relations with forward directionality, including the
biconditional.

Inference stage. Direction of inference had a main effect on the reading times for the
third premise: A third premise involving end term C was processed 322 ms faster than one
involving end term A, F(1, 149) = 13.53, MSE = 0.08 (this effect was not significant in the
analysis excluding erroneous responses). The interaction of direction of inference with
figure was not significant overall (F = 1.9), but it entered into a three-way interaction with
relation, F(5, 149) = 8.29, MSE = 0.10. Separate ANOVAs for the six groups revealed sig-
nificant Figure X Direction of Inference interactions for the conditional, F(1, 26) = 11.71,
MSE = 0.09, the biconditional, F(1, 30) = 5.45, MSE = 0.12, and the reversed conditional,
F(1, 27) = 13.14, MSE = (.15, but not for any of the other relations (max. F = 2.69). The
significant two-way interactions are plotted in Figure 2. The pattern of conditional and
biconditional match the predictions for an inherent forward directionality in the integrated
mental model, while that of the reversed conditional fits the predictions for an inherent
backward directionality. The same prediction could be made for the quantifier “all”; but
here the effect did not reach the conventional level of significance, F(1, 18)=2.69,
MSE=0.14, p = .12.

The interaction of direction of inference and figure as observed for the conditionals
implies that inferences are drawn faster from the antecedent to the consequent than in the
reversed direction. This could be due simply to fast MP inferences, which are known to
be particularly easy. If this were the case, the critical interaction should be observed only if
the third premise is positive; a negative third premise would result in a DA inference. In
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Figure 2. Mean processing times of the third (elementary) premise in Experiment 1 by figure and direction of
inference. Error bars represent one within-subject standard error.



1236  OBERAUERET AL.

TABLE 3
Mean proportions correct by inference form, Experiment 1

Reversed Exclusive
Conditional  Biconditional ~ Conditional “All” Spatial disjunction

Direction of
inference/ Negation M SD M SD M SD M SD M SD M SD
A-C .89 .16 .95 .09 .87 .16 .84 24 93 13 92 12
—A-—-C .70 24 .88 .16 .69 24 .78 27 91 14 .86 23
C-A .89 14 94 15 .87 .16 .80 21 91 13 91 13
—-C—A .70 .27 .85 21 .70 21 .82 21 91 13 .87 22

none of the groups, however, was the interaction between direction of inference and figure
modulated significantly by negation (Fs < 3.5).

The critical interactions between direction of inference and figure were also observed on
the latencies for responding to the conclusion statement for the conditional, F(1, 26) =
23.63, MSE = 0.23, the biconditional, F(1, 30) =9.22; M.SE = 0.20, and the reversed con-
ditional, F(1, 27) =11.53, MSE = 0.38, but not for “all” (*= 1.40) and spatial inferences
(F<1). Unexpectedly, the interaction became significant also for the disjunction, F(1,
24)=5.52, MSE = 0.15: As for conditionals and biconditionals, figure 1 (AB, BC) was asso-
ciated with a preference for A—C inferences, and figure 2 (BA, CB) with a preference for
C-A conclusions.

Accuracy data

Accuracies are summarized in Table 3. The main effect of figure was not significant
(F<1), but it interacted with relation, F(5, 149) = 2.66, MSE = 0.09. Separate ANOVAs
for the groups showed a significant effect of figure only for the disjunction group, F(1,
24)=5.91, MSE = 0.08. Accuracy was 87% correct with figure 1 and 91% with figure 2.
Direction of inference had no significant main effect (//<<1), but it interacted with figure,
F(1, 149) = 10.76, MSE =0.19, and the three-way interaction involving relation was also
reliable, F(5, 149)=11.04, MSE =0.19. Parallel to the latency data, the Direction of
Inference X Figure interaction was significant only for the standard conditional, F(1, 26) =
24.32, MSE = 0.29, the reversed conditional, F(1, 27) =9.98, MSE = 0.34, and the bicon-
ditional, F(1, 30)=7.31, MSE = 0.10, while it was marginally significant for “all”, F(1,
18) =3.83, MSE = 0.23, p = .067; it was not reliable for spatial relations as well as the dis-
junction (Fs <2.1). The directions of the interactions matched those in the latency data.

Discussion

The purpose of Experiment 1 was to investigate effects of term order on the premise inte-
gration stage and the inference stage for deductive tasks from various reasoning domains.
The results are summarized in Table 1 (see entries marked with E1). The findings can be
described by three general trends: (a) Term order effects were observed for both premise
integration (i.e., effects of figure on reading times of the second premise) and the inference
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stage (i.e., the interaction of figure with direction of inference on latencies and accuracy);
(b) these effects interacted with the inherent directionality of the relation, as predicted by the
inherent directionality account; (c) deviations from these predictions always went in the direc-
tion predicted by the FIFO principle and the given—new principle. In particular, we observed
effects consistent with forward directionality for the biconditional, where the theoretical pre-
dictions are ambiguous* and where no effect was expected based on the sentence—picture ver-
ification data. Also, we observed little effects of term order for the reversed conditional (at
premise integration) and for the spatial relations, which are assumed to have backward direc-
tionality.

This pattern strongly suggests two additive effects: First, inherent directionality gener-
ates effects of figure on premise integration, as predicted by the relatum= given principle,
and corresponding interactions of figure and direction of inference in the inference stage.
These effects are modulated by the inherent directionality of the premises. Second, another
factor generates a general advantage for figure 1 over figure 2 in premise integration, and a
Figure X Direction of Inference interaction as expected from forward directionality. This
factor adds up with the effect of forward directionality but neutralizes the effect of backward
directionality. The general factor could be either the FIFO principle or the given—new prin-
ciple, which make identical predictions for premise integration in figures 1 and 2. The two
principles can be disentangled by looking at figures 3 and 4, and this is the main purpose of
Experiment 2.

Our interpretation leaves two data points unexplained. First, it does not fit well with the
data from the disjunction. We should expect an effect of term order with the disjunction,
because in the absence of inherent directionality, the given—new principle or the FIFO prin-
ciple should become manifest in the data (as it supposedly did for the biconditional). There
was an effect consistent with these principles on the conclusion evaluation time, but not on
reading times for the second and third premises. Moreover, the effect of figure on accura-
cies for the disjunction, with more correct evaluations on figure 2 (BA, CB), runs counter to
the expectations of the FIFO principle. Currently, we have no good explanation for this fail-
ure to observe term order effects with the disjunction, other than a lack of power. In the only
other investigation of figural effects on disjunction problems that we are aware of, Bauer and
Johnson-Laird (1993) did observe an advantage for figure 1 over figure 2.

Second, the data for the quantifier “all” were inconclusive with respect to the effects of
term order during the conclusion evaluation stage. This is particularly worrisome because
the prototypical effects of figure in the literature come from Aristotelian syllogisms, of
which our task with “all” is an instance. We therefore replicated the conditions with the
standard conditional and with “all” in a new experiment, treating the two relations as
within-subject variable and increasing the number of trials. In that experiment—which we
do not report in detail for the sake of brevity—the critical interaction of figure and direction
of inference on conclusion evaluation times was clearly significant for “all” as well as for the
conditional. Experiment 3 follows up on directionality effects with quantifiers, extending
them to a broader set of syllogisms.

*When the biconditional is read as “If A then B and if B then A”, we expect no overall directionality effect,
because the two conditionals have opposite directionalities. If the biconditional is read as “If A then B and if not A
then not B”, we expect directionality from the A term to the B term.
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Finally, it is worth noting that the results of Experiment 1 challenge a purely syntactic
account of figural effects. First, we observed an effect of figure on the reading times for the
second premise, which none of the extant syntactic accounts predicts, because none of them
makes predictions regarding the integration of premises. Second, we observed effects of figure
on the preferences for inference directions in the absence of different syntactic roles for the
end terms in the conclusions. Thus, principles explicating which end term should be used as
the subject of the conclusion do not apply here and cannot explain the directionality effects
observed.’

EXPERIMENT 2

The results of Experiment 1 suggested a general factor introducing an advantage for premise
integration in figure 1 over figure 2. This could be the given—new principle (Clark &
Haviland, 1977), but alternatively it could also be the FIFO principle of working memory
suggested by Johnson-Laird and Bara (1984). To provide a test of the FIFO principle, we
extended our paradigm to all four possible figures (see Table 1). Figures 3 and 4 are inter-
esting because the FIFO principle does not predict any difference between them (both
require one rearrangement of terms in one premise). In contrast, the inherent directionality
view predicts that, with backward directionality, premises should be easier to integrate with
figure 3 (AB, CB) than with figure 4 (BA, BC), because in the former case but not the latter
the reference object of the second premise (B) is already part of the representation of the
first premise. Figures 3 and 4 therefore provide an opportunity for inherent directionality
effects to show up in the absence of any opposing effect of the FIFO principle. On the other
hand, the FIFO principle predicts that premise integration should be particularly difficult
for figures 3 and 4, because they require a rearrangement of terms within a premise to bring
the two middle-term tokens into alignment. Therefore, reading times for the second prem-
ises of these figures should be slower than those for the first two figures.

A second goal of this experiment was to extend the idea of inherent directionality to other
relations. As mentioned in the Introduction, the roots of our theoretical account lie in work on
linear order problems with comparatives (e.g., DeSoto et al., 1965; Huttenlocher, 1968). More
recently, the mental model theory of spatial reasoning was extended by analogy to reasoning
with temporal relations (Schaeken, Johnson-Laird, & d’Ydewalle, 1996). Therefore, it is only
natural to predict the same directionality effects for temporal, spatial, and comparative relations.

SAdherents of the syntactic principle could try to apply it to our experiment in the following way (suggested by
Mike Oaksford): People are looking for an end term in the subject role to use it as the subject of the conclusion.
After reading the first premise, they already pick its subject as a candidate subject of the end term. In figure 1 (AB,
BC), the second premise confirms this choice, whereas in figure 2 (BA, CB), the second premise enforces a revi-
sion: The subject of the first premise (B) turns out to be the middle term, and the subject of the second premise
(C) needs to be chosen as subject of the conclusion. This can explain the advantage for figure 1 in reading times.
People could then formulate a relational conclusion for themselves according to the syntactic principle, with the
subject mentioned first, and if the order of terms in the third premise and conclusion match that order, they process
them faster. This could explain the effects in the inference stage. Such an account, however, works if and only if the
first term in a premise, but not the second term, is a grammatical subject. This is the case for the quantifier “all”
and the spatial relation, but not for the conditionals and the disjunction. Hence, this application of the syntactic
account predicts the wrong interaction between term order effects and relation.
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TABLE 4
Task schemata for Experiment 2

Premises and conclusions Figure 1 Figure 2 Figure 3 Figure 4

Premise 1 A>B B>A A>B B>A
Premise 2 B>C C>B C<B B<C
Same: A>C valid invalid valid invalid
Same: C>A invalid valid invalid valid
Reversed: A< C invalid valid invalid valid
Reversed: C<A valid invalid valid invalid

Notes: > means “is larger than”; < means “is smaller than”. Examples
are for the condition with comparatives; in the spatial condition relations were
“is on the left of ” and “is on the right of ”, and in the temporal condition, “was
before” and “was after”, respectively. “Same” and “Reversed” refer to how the
relation in the conclusion relates to the relation in the first premise.

Method
Participants

Participants were 88 students from the University of Potsdam who took part for course credit.
They were assigned to three groups with N = 25 (spatial), 38 (temporal), and 25 (comparative).

Materials and procedure

The relations were “left-right” (spatial), “before—after” (temporal), and “larger—smaller” (com-
parative). For each relation we constructed 64 tasks, crossing figure (4) and direction of inference (2)
as within-subjects factors. Each task consisted of two relational premises and one relational conclusion.
In figures 1 and 2, the relation of the two premises was the same, and in figures 3 and 4, they were
opposite, such that all figures licensed valid conclusions (see Table 4). Direction of inference could be
A-C or C-A. Half the conclusions matched the relation of the first premise, and the other half used
the reverse relation (e.g., “left” instead of “right”). The terms in the statements referred to geometri-
cal figures in the spatial and the comparative condition and to everyday events (e.g., a party, a meeting,
an accident) for the temporal condition. For each task, three terms were selected at random from a pool
of 10 nouns. The 64 test trials were preceded by 10 practice trials selected at random for each partici-
pant from the 16 design cells. In all other respects, the procedure was the same as that in Experiment 1.

Results

Latency data were treated as in Experiment 1. Overall accuracy was high (91%); 5 partici-
pants with less than 70% correct were excluded from further analysis. Reading times of the
second premise and conclusion evaluation latencies were submitted to two analogous
ANOVAs with figure (4) and direction of inference (2) as within-subjects factors and rela-
tion (3) as between-subjects factor. Reading times of the second premise are plotted in
Figure 3. Only the main effect of figure became significant, F(3, 246) = 3.87, MSE = 0.05.

Three orthogonal contrasts were specified for the figure factor. The first contrast com-
pares figures 1 and 2 with figures 3 and 4 to test the prediction of the FIFO principle that
figures 3 and 4 are more difficult to integrate. This contrast was significant for the second
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Figure 3. Processing times for the second premise by figure on spatial, temporal, and comparative problems,
Experiment 2. Error bars represent one within-subject standard error.

premise, #(82) =2.22, but in the opposite direction: figures 3 and 4 were processed faster
than figures 1 and 2. The contrast comparing figure 1 with figure 2 was not significant. The
contrast for figure 3 versus figure 4 was significant, #(82) = 2.75. As predicted by the in-
herent directionality account, the second premise was processed faster in figure 3 than in
figure 4. This observation replicates a previous finding of De Vooght and Vandierendonck
(1998) and extends it to temporal and comparative relations. None of the contrasts
interacted with relation.

Direction of inference had a strong main effect on conclusion times, F(1, 80) =41.33,
MSE = 0.04; C-A inferences were verified 447 ms faster than A—C inferences. The critical
interaction of direction of inference with figure was not significant (F << 1.7). In addition,
figure had a significant effect on accuracy, F(3, 255) = 5.25, MSE = 0.06. This was due to
the contrast between figures 3 (96%) and 4 (92%), in line with the reading times of the second
premise.

Discussion

We failed again to find evidence for the difference between figures 1 and 2 that would be
expected for backward directionality from the relatum = given principle. This is surprising
because an advantage of figure 2 over figure 1 has been obtained in one previous study with
spatial relations (Baguley & Payne, 2000) and in several studies with comparatives (for an
overview, see Evans et al., 1993, chap. 6). On the other hand, in a parallel study (Hornig et al.,
in press), as well as in a further unpublished experiment, we found no difference between
figures 1 and 2 with spatial relations.

The comparison of figures 3 and 4, in contrast, bore out the predictions of the relatum =
given principle: Reading times of the second premise were faster for figure 3 (AB, CB) than
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for figure 4 (BA, BC). Different from figures 1 and 2, a hypothetical FIFO principle does
not work in opposition to the inherent directionality in figures 3 and 4. This might be taken
as support for a FIFO principle that masks the effect of inherent directionality in figures 1
and 2. The prediction of the FIFO principle that figures 3 and 4 should be especially diffi-
cult to integrate, however, was clearly contradicted by the data. We conclude that the general
factor counteracting the inherent backward directionality of spatial, temporal, and compar-
ative relations is not the FIFO principle of working memory as envisaged by Johnson-Laird
and Bara (1984). We believe instead that the weak and inconsistent directionality effects with
these relations are due to the opposing effects of the premises’ inherent directionality and
the given—new principle (Hornig et al., in press).

The effects of the direction of inference do not match either the predictions of the FIFO
principle or those from an inherent directionality preserved in the mental models. Instead,
inferences were drawn faster when C preceded A in the conclusion statement regardless of
figure. This replicates the unexpected preference for C—A conclusions observed in
Experiment 1.

One possible explanation for this finding could be a recency effect of short-term memory
for clauses in sentences (Gernsbacher, Hargreaves, & Beeman, 1989; Knoedler, Hellwig, &
Neath, 1999). Term C was always read after A during premise processing, so it might be
easier to access when it comes to drawing a conclusion. This would make conclusions where
C is mentioned first easier to relate to the corresponding term in the premises. Evidence for
a recency effect in syllogisms was obtained by Espino, Santamaria, and Garcia-Madruga
(2000). They measured the recognition times for the end terms (A and C) after reading the
two premises of a syllogism. In figure 1 (AB, BC), end term C was recognized faster than A.
In figure 2 (BA, CB), end term A was recognized faster. Espino et al. (2000) explained the
findings with figure 2 by assuming that people process the second premise first, so that A
was read last (the premises were displayed simultaneously). In our experiments, reading the
premises in reversed order was not an option, so that a recency effect should make end term
C more available than A regardless of figure. This could explain the general advantage for
conclusions beginning with C.

EXPERIMENT 3

In Experiment 3, we used a broad set of Aristotelian syllogisms, covering the four possible
figures. The selected set is documented in the Appendix. Figure is known to affect the fre-
quency with which people draw a conclusion from syllogisms and the preferred direction of
these conclusions, and these effects are attributed to the difficulty of integrating the prem-
ises (Bara et al.; 1995; Johnson-Laird & Bara, 1984). Here we provide a direct test of this
hypothesis by measuring processing times for the second premise as an indicator of the dif-
ficulty of constructing an integrated mental model (or several models). Since we assume that
the premises of syllogisms have forward directionality, the relatum = given principle pre-
dicts a pattern of figural effects opposite to that predicted for Experiment 2. In figures 1 and
4 the relatum of the second premise is already given in the first premise, so these figures
should be integrated easier than figures 2 and 3. The same pattern is also predicted by the
given—new principle. The FIFO principle predicts that figure 1 is easiest and figures 3 and
4 most difficult to integrate.
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Method
Participants

Participants were 120 students from Grades 11 to 13 of high schools in Potsdam, Germany. They
received 10 DM (about US $5) for a one-hour session in the context of a larger study.

Materials and procedure

We selected a subset of 36 from the 64 possible syllogisms generated by combining the four figures
with the four quantifiers in two premises (for the full set see Johnson-Laird & Bara, 1984). The quan-
tifiers were “All X are Y”, “Some X are Y”, “No X is Y”, and “Some X are not Y”. Selection criteria
were (a) covering all four figures about equally, (b) reducing the number of syllogisms without valid
conclusion, and (c) reducing the number of syllogisms that allow only “some . . . not” conclusions,
which are particularly difficult (Chater & Oaksford, 1999). We hoped that this would encourage par-
ticipants to integrate the premise information. Sets of 10 professions, 10 hobbies, and 10 sports were
used for the three terms A, B, and C, such that one set was used for each type of end term, and for
each syllogism the assignment of terms to sets, as well as the selection of a noun out of each set, was
determined at random. Each participant worked on each syllogism twice, in a random order.

The premises were presented individually in the order given in the Appendix. As in the previous
experiments, reading was self-paced, with each new sentence replacing the previous one. After presen-
tation of the two premises, the third display asked for a decision about whether anything followed or

» G

not. Responses were given on a 5-point scale with the categories “certain that not”, “uncertain that
not”, “don’t know”, “uncertain that yes”, “certain that yes”, ordered from left to right on the screen.
If participants selected one of the two “yes” responses, a further display presented the eight possible
conclusions (i.e., statements linking A and C by one of the four quantifiers in one of the two orders),
from which one could be selected by pressing the appropriate number key. The order of the conclu-

sions in the list was counterbalanced across participants, but constant for each participant.

Results and discussion

For present purposes, we analysed only the latencies for reading and processing the second
premise, which indicates the difficulty of integrating the premises into one or several mental
models. The analysis is based on latencies from all trials after trimming and log-transformation
as in the previous experiments. An analysis of only correct trials was not possible because many
syllogisms are so difficult that hardly anyone selected the logically correct response.

Figure 4 shows the mean latencies spent on the second premise as a function of figure,
broken down by the four quantifiers used in the second premise. The data show the pre-
dicted pattern for all four quantifiers: Latencies were shorter for figures 1 and 4 than for
figures 2 and 3. We tested this impression for statistical significance by planned contrasts
(1+4 vs. 2+ 3) in ANOVAs on log-transformed latencies with figure as factor, separately
for each quantifier. This contrast became significant for all four quantifiers, F(1, 119) =7.36
(MSE = 0.31) for “all”, 21.18 (MSE = 0.45) for “some”, 14.60 (MSE = 0.48) for “no”, and
22.35 (MSE = 0.79) for “some... not”. We also tested the prediction of the FIFO principle
that latencies should be longer for figures 3 and 4 than for figures 1 and 2. This contrast
became significant only for the quantifiers “some”, F(1, 119)=27.2, MSE = 0.48, and
“no”, F(1, 119) =6.03, MSE = 0.85. As can be seen in Figure 4, in both cases the effect
went in the wrong direction, with shorter latencies for figures 3 and 4.
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Figure 4. Processing times for the second premise by figure and quantifier of the second premise, Experiment 3.

These results show for the first time differences between figures on latencies for pro-
cessing the second premise in syllogisms. The pattern conforms to the predictions derived
from the inherent directionality account and the relatum = given principle. The support for
the FIFO principle was less convincing. This converges with findings from Stenning and Yule
(1997) that also question the FIFO principle as an explanation of figural effects in syllogisms.

We are aware that within the full set of syllogisms, as well as our subset, the factors of
interest (figure and quantifier) are necessarily confounded with several other factors, such as
whether something follows from the syllogism or not, the number of mental models
(Johnson-Laird & Bara, 1984), the direction of a valid conclusion if there is one (Stenning &
Yule, 1997), and others. There is a dilemma between deconfounding the important variables
and generalizing findings to the full range of syllogisms. We solved this dilemma by division
of labour between experiments—FExperiment 1 accomplished the first goal, demonstrating
directionality effects for a single syllogism (i.e., two premises with “all”) in two figures;
Experiment 3 accomplished the second goal. The results are converging, lending some cred-
ibility to our conjecture that effects of figure in syllogisms are in part due to the difficulty of
integrating the premises, which in turn can be explained by the relatum = given principle
and the inherent directionality of the premises.

GENERAL DISCUSSION

With three experiments we investigated effects of figure and direction of inference in deduc-
tive reasoning tasks involving a comprehensive set of relations. We looked separately at effects
on the difficulty of premise integration and of conclusion evaluation. We predicted an effect
of figure on the reading times for the second premise, reflecting premise integration diffi-
culty, and an interaction of figure with direction of inference, reflecting difficulty of deriving
a conclusion from an integrated mental model. Further, we predicted that the inherent direc-
tionality of the relations used in the premises would modulate these effects. Their direction
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should depend on whether directionality is forward (i.e., from the first to the second term in
a statement) or backward (i.e., from the second to the first term). The results are summarized
in Table 1 together with the assumptions about the inherent directionality of the relations.

Overall, the data provide a complex picture that suggests that no single factor will be suf-
ficient to explain term order effects across different domains of reasoning. Nonetheless,
several systematic trends emerge when we consider the three experiments reported here and
the one reported in Hornig et al. (in press), together.

A first observation is that effects identified at the premise integration stage and those at the
inference stage do not always match. The conditionals showed consistent evidence for direc-
tionality in both premise integration and conclusion evaluation (probably masked by the
opposing given—new principle in the case of premise integration with reversed conditionals).
For the quantifier “all”; the results were not so clear in Experiment 1, but the replication,
with increased statistical power, yielded the same pattern as did the conditionals. On the other
hand, temporal, spatial, and comparative relations showed directionality effects at premise
integration, but not at conclusion evaluation (Experiment 2 and Hornig et al., in press). This
dissociation is understandable within our account, which predicts directionality effects without
further assumptions only for premise integration (through the relatum = given principle).
Directionality effects at the inference stage can be predicted only by the additional assump-
tion that the directionality of the model construction process leaves a trace in the integrated
model. Our results suggest that this happens for some, but not all, kinds of relation.

One feature that distinguishes the groups of relations that show directionality effects at
the conclusion stage from those that do not is their semantic asymmetry. Conditionals des-
ignate one term as the antecedent and the other as consequent, and these roles cannot be
exchanged by a simple conversion; the same holds for the quantifier “all”’. An integrated
mental model must preserve this role asymmetry to block illicit conversions. Mental models
for spatial, temporal, and comparative relations, in contrast, do not need to assign different
roles to their elements—a model for “A is on the left of B” is identical to one for “B is on
the right of A”. Across our experiments, the semantically asymmetric relations consistently
showed directionality effects at the inference stage, but the symmetrical ones did not. This
could be a hint towards two kinds of directionality effect—one linked to the process of
model construction, the other linked to directionality of the resulting models themselves.
The first kind of directionality effect would be attributed to information packaging (Engdahl
& Vallduvi, 1996), which guides the model construction and integration process. The second
one would result from the semantic asymmetry of the relations expressed and therefore
would have to be preserved as an asymmetry in the resulting models.

We propose to explain the effects of figure on premise integration by two factors. One is
the relatum = given principle, which derives from the inherent directionality of the relations
and thereby predicts an interaction of figure with directionality. The second is the
given—new principle, which predicts a general advantage of figures 1 and 4 over figures 2
and 3. Taken together, these principles explain most of the effects of figure on reading times
of the second premises across all our experiments.

The effects of figure and direction of inference on the difficulty in the inference stage can
also be explain by two factors. One is again the inherent directionality of the relations, which
is preserved in the mental models if and only if it is needed to preserve the semantic asym-
metry of the relations. This results in a three-way interaction of figure, direction of inference,
and directionality, as was observed in Experiment 1 (see Figure 2) for the subset of relations
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that involved a semantic asymmetry. The other is a recency effect of working memory that
generates an advantage for the C-A direction regardless of relation. This effect was most
clearly observed for the semantically symmetric relations used in Experiment 2, but it was
also present as a main effect in Experiment 1.

Two other principles that we discussed, the FIFO principle and the syntactic principle,
received little support. Syntax-based explanations of figural effects (Chater & Oaksford,
1999; Polk & Newell, 1995; Wetherick & Gilhooly, 1990) do not predict any figural effects at
premise integration and so cannot explain the effects on reading times of the second premise.
Moreover, they cannot explain effects of figure when the end terms do not have different
syntactic roles in the conclusion.

The FIFO principle of working memory proposed by Johnson-Laird and Bara (1984)
likewise does not provide a good account for the data. Its main problem is that figural effects
change with the relations used. FIFO predicts a general advantage for figure 1 over figure 2 in
premise integration, and an advantage for A—C inferences with figure 1, but C-A inferences
with figure 2. This pattern was found for the conditional, the biconditional, and the quanti-
fiers, but not for the reversed conditional, the disjunction, the spatial relations, the tempo-
ral relations, and the comparatives. A second problem is that the FIFO principle should
make figures 3 and 4 harder than figures 1 and 2. The opposite was the case in Experiment
2. From the perspective of research on working memory, it is questionable whether there is
a general FIFO principle at work. Support for this principle comes from the observation that
immediate recall of verbal lists in forward order is easier than recall in backward order. This
does not hold, however, for recall of spatial material (Isaacs & Vargha-Khadem, 1989).
Mental models are not considered to be verbal representations, and hence there is no reason
to expect that the FIFO principle applies to them.

Conclusions

In summary, on the empirical level our experiments yielded two important results: (a) Term
order effects in deductive reasoning can be observed both at premise integration and during
the derivation of a conclusion, and the effects in these two stages do not always match; and
(b) term order effects vary with the relation involved in the task. They covary with the direc-
tionality effects observed in sentence—picture verification tasks with single statements
(Oberauer & Wilhelm, 2000), although the covariation is not perfect.

On the theoretical level, we proposed a two-factor theory to explain the effects of figure
on premise integration difficulty. The first factor is the relatum = given principle, which
arises from the directionality between relatum and target in relational statements and the
ensuing order of construction of a mental model. The second factor is the given—new princi-
ple, according to which the assignment of an anaphoric expression to its antecedent is easier
when the anaphor is mentioned before a new term. We proposed another two-factor account
for the effects of figure and direction of inference on the difficulty of deriving a conclusion.
The first factor is the inherent directionality of the relation, which is preserved in the inte-
grated mental model if and only if it is needed to preserve a semantic asymmetry. The other
factor is a recency effect of working memory. With the combination of these principles we
were able to account for a large amount of variance in effects of figure and conclusion term
order across several domains of reasoning. This provides a good basis for a general theory of
premise integration and conclusion evaluation in deductive reasoning.
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APPENDIX

Syllogisms used in Experiment 3

First premise Second premise Valid conclusion Figure
AllA are B AllBare C All A are C/Some C are A 1
AllA are B Some B are C None 1
AllA are B NoBis C NoAis C/No Cis A 1
AllA are B Some B are not C None 1
Some A are B All B are C Some A are C/Some C are A 1
Some A are B Some B are C None 1
Some A are B NoBis C Some A are not C 1
NoAisB All B are C Some C are not A 1
NoAisB Some B are C Some C are not A 1
Some A are not B AllBare C None 1
All Bare A AllCare B All C are A/Some A are C 2
AllBare A Some C are B Some A are C/Some C are A 2
All B are A No CisB Some A are not C 2
All Bare A Some C are not B None 2
Some B are A AllCare B None 2
Some B are A Some C are B None 2
Some B are A NoCisB Some A are not C 2
NoBisA AllCare B NoAis C/NoCis A 2
NoBisA Some C are B Some C are not A 2
Some B are not A AllCare B None 2
AllA are B AllCare B None 3
AllA are B Some C are B None 3
AllA are B NoCisB NoAis C/No Cis A 3
AllA are B Some C are not B Some C are not A 3
Some A are B AllCare B None 3
Some A are B Some C are B None 3
NoAisB AllCare B NoAis C/No Cis A 3
Some A are not B AllCare B Some A are not C 3
All Bare A All B are C Some A are C/Some C are A 4
AllBare A Some B are C Some A are C/Some C are A 4
All Bare A NoBis C Some A are not C 4
All Bare A Some B are not C Some A are not C 4
Some B are A AllBare C Some A are C/Some C are A 4
Some B are A Some B are C None 4
NoBisA All B are C Some C are not A 4
Some B are not A AllBare C Some C are not A 4




