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Mental Models

P. N. Johnson-Laird

The modern formulation of the concept of a mental model is due to
Kenneth Craik (1943). In his remarkably prescient book, The Nature of
Explanation, he argued that human beings translate external events into
internal models and reason by manipulating these symbolic represen-
tations. They can translate the resulting symbols back into actions or
recognize a correspondence between them and external events. Al-
though Craik died before the invention of the programmabie digital
computer, he would have recognized the computer metaphor. He ar-
gued that the physical substrate of the brain is less pertinent than the
way it functions. He wrote (Craik 1943, p. 51), “By a model we thus
mean any physical or chemical system which has a similar relation-
structure to that of the processes it imitates. By ‘relation-structure’ T do
not mean some obscure physical entity which attends the model, but
the fact that it is a physical working model which works in the same
way as the processes it parallels, in the aspects under consideration at
any moment. . . .” Hence for Craik a mental model was preeminently
a dynamic representation or simulation of the world. He had little to
say about the form of such representations or about the processes that
manipulate them. It was bold enough to postulate representations in
the heyday of Behaviorism.

Most cognitive scientists following Craik have adopted the basic tenet
that the mind is a symbolic system (see, for example, Miller, Galanter,
and Pribram 1960, Newell and Simon 1976). And during the 1980s there
has been an enormous growth in studies of mental models. These
studies are so extraordinarily diverse, however, that they seem to have
little in common beyond the bare appeal to symbolic representations of
some sort. Thus explanations of visual perception, the comprehension
of discourse, reasoning, and the representation of knowledge and ex-
pertise have all invoked versions of the mental-model hypothesis. My
aim in this chapter is to bring some order to this diversity. Althou gh
many writers have gone out of their way to draw distinctions between
alternative concepts of mental models, the theories may differ more
than they ought to because thev nearly all concern the same underly-
ing reality. It is as though explorers keep reporting the existence of a
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hitherto unknown animal, but their fragmentary glimpses of it convince
them that they are observing different creatures.

[ begin by sketching the role of models in perception and discourse,
but only briefly to avoid trespassing on other chapters in this volume.
Next [ consider reasoning as a process of manipulating models and then
their role as representations of knowledge. Finally I present a critique
of the theory of mental models and outline some of the major problems
in its development.

12.1 Perception as a Source of Mental Models

A primary source of mental representations is perception. As 1 argue
in my book on mental models (Johnson-Laird 1983), the simplest crea-
tures, such as single-cell organisms, merely react physically to their
immediate environment. Paramecia, for instance, bump into an obsta-
cle, and the ensuing chemical changes cause their cilia to beat in the
opposite direction. But evolution has produced creatures with a nervous
system that detects energy from distant objects and that directly mod-
ulates the activity of the neurons controlling stereotyped responses.
More complicated creatures use the information impinging on the sen-
sorium to compute an internal representation that in turn is used by
the processes controlling action. These internal representations may
encode relatively superficial features of the world. The housefly’s visual
system, for example, controls its flight pattern by way of a representa-
tion that probably makes explicit only certain features of the visual field,
such as a rapid expansion as the fly approaches a surface (see Reichardt
and Poggio 1981). Human vision, as David Marr and his colleagues
have emphasized, depends on the construction of a series of symbolic
representations culminating in a three-dimensional model of the spatial
relations among objects (see Marr 1982 and chapter 15). This model
makes explicit what is where to our conscious processes of judgment and
thereby enables us to navigate our way through the world avoiding
obstacles and hazards.

Our models need to integrate the information from all the senses and
from general knowledge—the sights, sounds, smells, and possibilities
of the world. Our capacity to envisage different situations appears to
be limitless, but the brain cannot contain an infinite number of preex-
isting symbols no more than a library can contain an infinite number
of books. The vast range of mental models must be constructed out of
finite means—out of primitive symbols and the basic processes that
operate on them. In the case of vision, computational procedures carried
out by the brain convert the retinas’ response to light into a model of
the objects reflecting that light, and these procedures embody con-
straints based on the nature of the world (Marr 1982). Our phenome-
nological experience of the world is a triumph of natural selection. We
seem to perceive the world directly, not a representation of it. Yet this
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phenomenology is illusory: what we perceive depends on both what is
in the world and what is in our heads—on what evolution has “wired”
into our nervous systems and what we know as a result of experience.
The limits of our models are the limits of our world.

12.2 Mental Models of Discourse

Wittgenstein (1922, section 4.01) in his celebrated “picture” theory of
meaning wrote, “The proposition is a model of reality as we imagine
it.” When I tell you, say, that there is a table in front of the stove in my
kitchen, you can imagine the arrangement even if you cannot see it. A
major function of language is thus to enable us to experience the world
by proxy, because we can envisage how it is on the basis of a verbal
description. The assertion “A table is in front of the stove” establishes
a relation between two entities. Hence its model contains two mental
tokens, corresponding to the table and the stove, interrelated in a way
that corresponds to the spatial relation between them. In short, dis-
course models make explicit the structure not of sentences but of situ-
ations as we perceive or imagine them (Johnson-Laird 1983, p. 419).

One reason for believing that people construct models is that the
hypothesis explains a central feature of comprehension. The explicit
content of a discourse is usually only a blueprint for a state of affairs:
it relies on the reader or listener to flesh out the missing details. Such
“bridging” inferences are rapid and automatic, and people are seldom
aware of them though they may show up in recalling the discourse (see
Clark 1977). These inferences sometimes depend on general knowledge,
as a number of cognitive scientists have argued (for example, Schank
and Abelson 1977, Sanford and Garrod 1981). But the key fact is that
they yield conclusions of a sort that would be explicit only in models
of situations. Bransford and his colleagues have demonstrated this phe-
nomenon in a number of studies. For example, Bransford, Barclay, and
Franks (1972) observed that when subjects were presented with the
sentence

Three turtles rested on a floating log and a fish swam beneath them.
they later confused it with
Three turtles rested on a floating log and a fish swam beneath it.

If the subjects had imagined the situation described in the original
sentence, constructing a model in which the turtles are on the log and
the fish swims beneath it, then the model would also represent the fish
as swimming beneath the log. This explanation is corroborated by the
lack of any such error when the original sentence vields no such model:

Three turtles rested beside a floating log and a fish swam beneath
them.
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There is also abundant evidence that the coherence of discourse de-
pends in part on how easy it is to construct a single mental model from
it {(see Garnham, Oakhill, and Johnson-Laird 1982, Ehrlich and Johnson-
Laird 1982, Oakhill and Garnham 1985). Kannan Mani and { have sim-
flarly shown that passages calling for a single model of a spatial layout
are easier to remember than indeterminate descripticns that are consis-
tent with more than one layout {Mani and Johnson-Laird 1982). Thus
the description
The spoon is to the left of the knife.

The plate is to the right of the knife.
The fork is in tront of the spoon.
The cup is in front of the knife.

describes the following arrangement of objects:
spoon knife plate

fork  cup

But a change of one word in the second sentence,
The plate is to the right of the spoor.

yields an indeterminate description consistent with two quite different
lavouts:

spoon  knife plate spoon plate knife
fork cup fork cup

After our subjects nad classified a series of determinate and indeter-
minate descriptions as true or false of diagrams of lavouts, they were
given an unexpected recognition test of their memory for the descrip-
tions. They retained the gist of the determinate descriptions very much
better than the gist of the indeterminate descriptions. Yet they were
better at recogniziry verbatim details of the indeterminate descriptions.
This pattern of results bore out our hypothesis that the subjects would
construct a model of a determinate description to compare with a dia-
gram, but try to commit an indeterminate description to memory rather
than construct its alternative possible models. It is difficult to see how
subjects could even be sensitive to the difference between the two sorts
of descriptions unless they attempt to construct models of them.

The existence of two forms of representation—Ilinguistic representa-
tions and discourse models—has been corroborated in a number of
other experiments. Thus where two expressions with different mean-
ings, such as

the man with the martini
the man standing by the window

occur in contexts in which they refer to the same individual, then as
Garnham (1987) has shown, subjects readily confuse the two in an
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unexpected recognition test of the passage. But subjects who are warned
about the recognition test retain their memory for the particular ex-
pressions used to refer to individuals. As Garnham points out, the
outcome of this experiment is at odds with the idea that discourse is
encoded solely in a semantic network or in any other format that rep-
resents merely the meanings of expressions. Referents and, in particu-
lar, tokens corresponding to individuals, must be independently
represented in a discourse model based on the meanings of the expres-
sions, general knowledge, and the prior context established in the
model.

The distinction between linguistic representations and discourse mod-
els accounts for a variety of linguistic phenomena, notably anaphoric
reference (see Sag and Hankamer 1984 and chapter 11). Linguistic rep-
resentations are expressions in a mental language (Kintsch 1974, Kintsch
and van Dijk 1978, Fodor 1975), which can cope with those anaphora
that depend on meanings or forms of words. For example, in the
discourse

The cats were biting the dogs.

The fleas were too.

the interpretation of the second elliptical sentence requires access to the
surface form of the previous sentence. (Compare its interpretation with
the one that would occur if the previous sentence had a different surface
form: “The dogs were being bitten by the cats.” Unless the listener has
retained a linguistic representation, these sorts of anaphora are indeed
difficult to understand (see Garnham and Qakhill 1987). Other ana-
phoric expressions, however, refer to entities that have been introduced
earlier in the discourse (or by extralinguistic means, such as a gesture).
In the discourse

There’s a large wooden table in front of the stove.

It has four chairs, one on each side.

the pronoun “it” harks back, not to some form of words but to a
particular referent that has been introduced earlier. There is therefore
a need to go beyond the linguistic representation of discourse to a
model of the situation.

A further reason for postulating discourse models concerns the vexed
issue of truth. Theories based solely on linguistic representations do
not say anything about how words relate to the world (Johnson-Laird,
Herrmann, and Chaffin 1984). Until such relations are established, the
question of whether a description is true or false cannot arise. Mental
models are symbolic structures, and the relation of a model to the world
cannot simply be read off from the nodel. So how is the truth or falsity
of an assertion judged in relation to the world? The answer is that a
discourse will be judged true if its mental model can be embedded in
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the model of the world. Thus, for example, you will judge my remark
about the table being in front of the stove as true if it corresponds to
your perception of the world, that is, a model based on the assertion
can be embedded within a perceptual model of the situation (Johnson-
Laird 1983, pp. 247, 441). (You may be in a position to relate the
linguistic representation directly to a perceptual model of the world.)
The notion of embedding means that the same individuals with the
same properties and relations are preserved from one mode] to the
other (see Kamp 1981). Hence when vou judge an assertion to be true,
vou have related either its initial linguistic representation, or a model
based on that representation, to a model of the world. And, more
important, you know that it is true: you are aware of having made a
comparison, and such an awareness in turn depends on a model of
your own performance.

Of course much of language goes beyond the perceptible. Some ex-
pressions refer directly to mental states, processes, and feelings; there
is a vocabulary for referring to one’s own internal milieu. Other ex-
pressions refer to abstract matters such as possibility, permissibility,
and causation (Miller and Johnson-Laird 1976). These abstract concepts
relate to scenarios, that is, models of a course of hypothetical or future
events (Tversky and Kahneman 1973; Johnscen-Laird 1983, pp. 410 et
seq), and to conventions that regulate interactions between members
of a society (Johnson-Laird 1983, pp. 415 et seq).

The case for discourse models has been advanced in formal semantics
{(Kamp 1981, Spencer-Smith 1987), in linguistics (Karttunen 1976, Reich-
gelt 1982, Shadbolt 1983, Fauconnier 1983), in artificial intelligence
{Webber 1978, Wilks and Bien 1979), and in psycholinguistics {Stenning
1978, 1986, Johnson-Laird and Garnham 1980, Garnham 1981, 1987,
Garnham and Oakhill 1989, van Dijk and Kintsch 1983, Glenberg,
Mever, and Lindem 1987). But there is a major problem for psychological
theories. An assertion such as “A table is in front of the stove” can be
true of an infinite number of different possible situations. Hence in
formal semantics theorists postulate that an assertion has an infinite
number of models, or “possible worlds,” in which it would be true (see
chapter 6). Granted that the mind has only a finite capacity, then an
infinite number of models, as Partee (1979) has observed, cannot fit
inside anyone’s head. One solution to this problem is to assume that
the initial linguistic representation of an assertion is used to construct
just one model (Johnson-Laird 1983, ch. 11), but this model can serve
as a representative and provisional sample from the infinite set of all
possible models of the assertion. It can stand in for the correct model,
presuming that the speaker has a specific state of affairs in mind,
because it can be revised in the light of subsequent discourse. 1 will
describe in the next section how the inferential procedure for such
revisions could work.
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In summary the theory of discourse models is based on three principal
ideas:

1. A mental model represents the reference of a discourse, that is, the
situation that the discourse describes.

2. The initial linguistic representation of a discourse, together with the
machinery for constructing and revising discourse models from it, cap-
tures the meaning of the discourse, that is, the set of all possible situa-
tions that it could describe.

3. A discourse is judged to be true if there is at least one model of it
that can be embedded in a model of the real world.

12.3 Reasoning and Mental Models

Three Theories of Reasoning
Inference is a systematic process of thought that leads from one set of
propositions to another. Granted that the premises may be mentally
1eﬁresented in the form of a model, it is natural to ask how models
might enter into inferential processes. The nature of these processes,
however, is highly controversial in both artificial intell: gence and cog-
nitive psychology. The arguments in the two disciplines are largely
independent of one another, but they run in parallel -0 a remarkable
degree. There are the same three main points of view.

The first class of theories assumes that reasoning depends on formal
rules of inference, like those of a logical calculus. The use of logic in
artificial intelligence has been defended by Hayes (1977}, and a variety
of formal svstems have been implemented (see, for example, Robmson

1979, Reiter 1973). The programming language Prolog is based on the
same philosophy (Kowalski 1979). In psvchologv too there are many
theories of reasoning that postulate a “mental logic’ " consisting of formal
rules of inference (see, for example, Inhelder and Piaget 1958, Osherson
1975, Braine 1978, Rips 1983). Formal rules work in a purely syntactic
way, and so they are blind to the content of a premise, dependmg solelv
on its so-called logical form-—a notion that also has cur rency in linguistic
theory (see Chomsky 1977, Hornstein 1986). Unlike such rules, how-
ever, people are highly sensitive to the content of premises when they
make inferences. Such effects on the inferences of daily life have been
independently discovered by workers in both artificial intelligence and
cognitive psychology.

On the one hand psychologists have found that the difficul Ity of a
deductive problem, and the nature of the reS}wonxes to it, can be pro-
foundly atfected by its content (see, for example, Wason and Johnson-
Laird 1972, Evans 1982). On the other hand there is a hiatus between
what is valid in logic and in daily life. Logic, for example, warrants the
inference from
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If patients have cystitis, then thev are given penicillin.
to the conclusion

If patients have cystitis and are allergic to penicillin, then they are
given penicitlin.

which is clearly an inference that runs counter to common sense. In
logic, however, a conditional is treated as true whenever its antecedent
is false {or its consequent is true), and so if the premise here is true,
the conclusion must be true. Logic is indeed “monotonic” in that the
validity of an inference is unaffected no matter what additional premises
are added. Various attempts have been made to formulate “nonmono-
tonic” logics that tally with the inferences of daily life (see, for exampie,
McDermott and Doyle 1980). The problem usually arises from the con-
tent of premises, however, not their logical form, and so it is unlikely
to be patched up by a formal remedy (Davis 1980). Still worse, many
verbal inferences in daily life are not derivable within a formal calculus
at all. Some depend on the particular situation to which the premises
refer ( Johnson-Laird 1983, pp. 240, 261); some are plausible on the basis
of general knowledge, but may be overruled by specific information to
the contrary (see Minsky 1975, Schank and Abelson 1977); some derive
from premises that can never be rendered sufficiently complete to en-
sure validity {Johnson-Laird 1987); and some are inductions (see chapter
13). The fact that so much reasoning is not deductive has lead one
tormer adherent of formal rules to abandon them (McDermott 1986).
The second class of theories directly recognize the importance of
content. They postulate content-specific rules of inference. One origin of
such theoties lies in programming languages, such as PLANNER (Hew-
itt 1971), and production systems (Newell 1973) that enable general

assertions to be expressed in the form of conditional rules, such as
I x is a dog, then x is an animal.

If someone asserts that Fido is a dog, then this rule will be triggered
because the assertion matches its antecedent, and it will spring to life
to make the further assertion that Fido is an animal. Another rule can
be formulated so that given the goal of showing that Fido is an animal,
it yields the subgoal of showing that Fido is a dog. Such rules are
commonplace in the representation of the knowledge used in so-called
expert systems (see chapter 14). These are computer programs that
embody human expertise and that are designed to help their users to
reach sensible decisions about such matters as medical diagnosis, chem-
ical analysis, or where to drill for minerals. They rely on a large knowl-
edge-base of rules that have peen culled from interrogating human
experts and on procedures that use these rules to make inferences about
specific cases (see, for example, Buchanan and Feigenbaum 1978, Michie
1979, Davis and Lenat 1982, Feigenbaum and McCorduck 1984}.

The idea of basing psychological theories of reasoning on content-
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specific rules was discussed by Johnson-Laird and Wason (1977), and
various sorts of such theories have been proposed (see, for example,
Anderson 1983, E. R. Smith 1984, Cheng and Holyoak 1985, and Hol-
land, Holyoak, Nisbett, and Thagard 1986). A related idea is that rea-
soning depends on the accumulation of specific examples within a
connectionist framework, where the distinction between inference and
recall is blurred (see chapter 4).

The main case for formal rules is that they explain how in principle
people can reason about anything regardless of its content, including
abstract and unfamiliar domains. The main case for content-specific
rules is that they explain how the content of premises affects reasoning.
But of course it is necessary to explain both these phenomena, as well
as nondeductive inferences, and most relevant here is the third class of
theories—those based on mental models. They do not employ rules of
inference of any sort, either formal or content-specific, but assume
instead that reasoning depends on the manipulation of mental models.

Such theories have been formulated for a variety of domains (see,
for example, de Kleer and Brown 1981, Kahneman and Tversky 1982,
Johnson-Laird 1983, ch. 5). Some rare individuals appear to have de-
veloped a conscious strategy that relies on the technique. As the late
Richard Feynman explained (Feynman and Leighton 1985)

I had a scheme, which 1 still use today when semebody is explaining
something that I'm trying to understand: 1 keep meking up examples.
For instance, the mathematicians would come in with a terrific theorem,
and they're all excited. As they're telling me the conditions of the
theorem, [ construct something that fits all the conditions. You know,
you have a set (one ball}—disjoint (two balls). Then the balls turn colors,
grow hairs, or whatever, in my head as thev put more conditions on.
Finally they state the theorem, which is some dumb thing about the
ball which isn't true for my hairy green ball thing, so I say, ‘False!™

The same idea informs theories of reasoning based on mental models,
which T illustrate first in terms of svllogistic inference.

Mental Models in Syllogistic Reasoning

Some syllogisms are so easy that even nine-year-old children can draw
correct conclusions from them. Thus given the premises

None of the athletes is a beachcomber.

All the clerks are beachcombers.

most people correctly deduce the conclusion
None of the athletes is a clerk.

or its equally valid converse. Other syllogisms, however, are very much
harder—so hard in fact that the majority of adults fail to draw a correct
conclusion. Given the premises

Mental Maodels



478

None of the athletes is a beachcomber.

Some of the clerks are beachcombers.
most people make one of the following erroneous responses:

None of the athletes is a clerk.
None of the clerks is an athlete.

There’s no valid conclusion.
Only a few draw the valid conclusion
Some of the clerks are not athletes.

The theory of mental models proposes that the reasoners’ first task
is to understand the premises and in particular to construct a model of
them. Various proposals have been made about the form of such mod-
ols. Some theorists assume that they are Euler circles, where sets are
represented by circles that may or may not overlap {see Erickson 1974,
Guyote ard Sternberg 1981). One feature of this proposal is that there
is no nee: to introduce a special symbol for negation. Other theorists
concur that abstract notions such as negation should be encoded only
in linguistic representations (Inder 1987, Jackendoff 1987). Euler circles,
however, cannot represent assertions containing more than one quan-
tifier, for example, “Sunte of the athletes know all the artists,” and they
can lead to combinatorial explosions because many premises call for
several separate representations. Moreover there is a decisive objection
to models that lack abstract elements. They cannot represent such as-
sertions as “Ben knows that his presents weren't left by Santa Claus,”
because such “propositional attitudes” as the example shows often have
a negative content. Another version of mental-model theury therefore
makes the important assumption that any propositional attitude can
itself be represented by a corresponding component within a mental
model (Johnson-Laird 1983, ch. 15). To represent a nega.ve proposi-
tion, for example, a special symbol for negation is direct] 7 introduced
into a model. There is nothing improper about such a meneuvre pro-
vided that the routines for evaluating the truth of models have an
appropriate procedure for the symbol (see Kamp 1981; Johnson-Laird
1983, pp. 423-442). indeed Venn diagrams are 2 traditional notation
exploiting just such a device, that is, regions within three overlapping
circles are shaded to represent the nonexistence of certain sets (see
Newell 1981 for an algorithm for reasoning with Venn diagrams, and
Polk and Newell 1988 for a defense of models containing propositional
elements).

My colleagues and I have argued that the models used in reasoning
are neither Euler circles nor Venn diagrams, because they are remote
from the perceived structures of situations. We assume that the models
are instead the discourse models discussed in the previous section. The
premise
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None of the athletes is a beachcomber.

is represented by a model containing an arbitrary number of tokens for
athletes and an arbitrary number of tokens for beachcombers that are
mentally tagged in some way to indicate that they are disjoint, for
example,

athlete

athlete
beachcomber
beachcomber
beachcomber

where the barrier separates the two sets of tokens. (An alternative and
perhaps equally plausible representation would tag each individual ath-
lete as not a beachcomber, and vice versa.) The information from the
premise

All the clerks are beachcombers.
can be directly added to the model

athlete
athlete

[ ey —

beachcomber = clerk
beachcomber = clerk
(beachcomber)

where the beachcomber who is not a clerk has been tagged with paren-
theses to represent the possible existence of such individuals.

The second stage of the process is the formulation of a putative
conclusion: the model is scanned to determine what relation, if ‘any,
holds that is not explicitly stated in the premises. In the present case
the procedure readily establishes the conclusion

None of the athletes is a clerk.

or its converse, depending on which direction the model is scanned.

The third stage consists of a search for a counterexample to the
putative conclusion. An inference is valid if its conclusion cannot be
false, given that its premises are true. Hence validity can be tested by
searching for counterexamples—a procedure that has been exploited in
logic (see, for example, Beth 1971). There is no need to manipulate the
Aumber of individuals for its own <ake because it has no bearing on
the conclusion. The model has only a finite number of tokens, and there
are only a finite number of possible rearrangements of them. Because
there is no way of establishing identities between athletes and clerks
that does not also violate the premises, the present conclusion is valid.
In fact even if no attempt o test it is made, it remains the -correct
answer.
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Matters are very different in the case of the problem in which the
second premise is

Some of the clerks are beachcombers,

If the information in this premise is added to the model in the following
way:

athlete
athlete

beachcomber = clerk
beachcomber = clerk
(beacticomber) (clerk)

then the model supports the erroneous conclusions

None of the athletes is a derk.

None of the clerks is an athlete.

which the majority of subjects draw. A search for a counterexample can
produce the following model:

athlete = {clerk)
athlete = {clerk)

beachcomber = clerk
beachcomber clerk
(beachcomber) (clerk)

i

Subjects who succeed in constructing it may nevertheless err by decid-
ing that the premises fail to support any definite conclusion. It is nec-
essary to scan the model from clerks to athletes to appreciate that all
the possible models of the premises support the conclusion

Some (at least) of the clerks are not athletes.

Can we be certain that subjects follow such principles in reasoning?
Higher cognitive processes tend to occur in many different ways, and
some individuals may construct an injtially misleading model and then
revise it, whereas others may appreciate the existence of different pos-
sible models right from the start. One point is certain: without a training
in logic, ordinary individuals do not have a simple standard procedure
for dealing with syllogisms. Hence those premises that lead only to a
single model are reliably easier than those that offer a choice of models.
The precise number of distinct models that a subject constructs on any
occasion is uncertain. My colleagues and I have developed a number
of computer programs that model syllogistic reasoning and that differ
on this point (see, for example, the two programs described in Johnson-
Laird and Bara 1984). We can be sure, however, that many subjects do
construct initially erroneous models—they draw invalid conclusions.
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Similarly when subjects are given the chance to think again after they
have had only a brief interval (10 s) in which to formulate a conclusion,
they often change their minds (Johnson-Laird and Bara 1984). An un-
published experiment by Ruth Byrne and myself is relevant here: when
subjects are given an unexpected recognition test of the conclusions
that they have drawn to a series of different syllogisms, one common
error is to select the conclusion predicted by the initial model in place
of the subjects” actual (and correct) conclusion. This error is of course
predicted if subjects draw an initial conclusion according to one model,
which they then revise after they have constructed another model.

There is no doubt that people are able to search for counterexamples
to conclusions, but the process is affected by the cognitive load of the
task (see Oakhill and Johnson-Laird 1985). What is much harder to
identify are the actual processes by which such models are constructed.
Allen Newell in his William James Lectures at Harvard University in
1987 argued that mental models can be treated as state representations
within a problem space. Thus when semeone solves, say, the mission-
aries and cannibals problem, he or she applies a series of operations to
transform a model of the initial state of affairs through a succession of
models representing intermediate states until the goal is reached. This
formulation is useful in characterizing the sequence of conscious states
that an individual is aware of in solving a problem. One of the oddities
of deductive reasoning, however, is that people have little conscious
access to how they come up with a conclusion. Unless they are using
visual images, they have no conscious access to the models them-
selves—an introspective deficiency that critics of mental models cite as
contrary to the theory (Martin Braine, personal communication, 1988).
Because the representation of individuals to whom anaphoric reference
can be made is equally inaccessible—and there must be such a repre-
sentation—I do not think that inaccessibility counts decisively against
the theory. What remains true, however, is that little is known about
the nature of the processes that generate counterexamples. A number
of processes mayv occur in parallel and thus violate a direct analysis in
terms of Newell's problem space, which assumes that only single op-
erations lead from one state to the next within the space.

The crux is whether a valid conclusion calis for more than one model
to be constructed. Whenever there is a choice of models, ordinary
individuals are in serious danger of falling into error, because they lack
a systematic inferential procedure.

Models and Other Forms of Reasoning
Reasoning on the basis of mental models depends, as shown in the
previous subsection, on three sernantic procedures:

1. The construction of a mental model of the state of affairs described
in the premises, taking into account any relevant general and specific
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knowledge. This procedure corresponds to the ordinary comprehension
of discourse.

2. The formulation of a novel conclusion based on the model, unless of
course a conclusion is already present for evaluation. This procedure
corresponds to the description of a state of affairs with the proviso that
the description should establish a relation not explicitly stated in the
premises.

3. A search for alternative models that refute the putative conclusion.
Only this search for counterexamples is peculiar to the process of in-
ference, 1f there is no such model then the conclusion is valid. If there
is such a model, then the reasoner must return to the second step and
try to construct a new conclusion true in all the models so far con-
structed. If it is not clear whether there is such a model, then the
conclusion can be accepted tentatively or expressed with some modal
or probablistic qualification (see Kahneman and Tversky 1982), but it
may be subject to revision in the light of subsequent information.

The search for counterexamples solves the puzzle of how one model
can stand in for an infinite number of different possible situations.
Whenever an assertion is interpreted it may be necessary to make an
arbitrary assumption to construct a single model. If a subsequent as-
sertion is false in relation to this model, then it may be false because it
conflicts with something depending on the arbitrary assumption. Hence
an attempt can be made to revise the model so that it is consistent with
the new assertion while still remaining an accurate model of the pre-
vious discourse. In this way earlier arbitrary assumptions can be cor-
rected, or, should the revision be impossible, a genuine inconsistency
can be detected between the latest assertion and the earlier discourse.
This procedure is of course closely related to the search for counter-
examples in deductive reasoning: there the aim is to render a currently
true assertion false to check its validity; here the aim is to render a
currently false assertion true to check its consistency. The same mech-
anism can be used to reason nonmonotonically. If an assumption is
embodied in a model on the basis of default or prototypical information
(see chapter 13), for example, that a dog has four legs, then a subsequent
assertion may conflict with the model, for example, “my dog has three
legs.” In this case an attempt is made to revise the model. Such revisions
can undo default assumptions (as well as arbitrary ones), but they
cannot undo those conditions that are necessary to a concept.

The theory of inference based on mental models has been explored
in a variety of domains. Indeed the study of three-term series problems,
such as

Alice is taller than Bill.
Bill is taller than Charles.
Therefore Alice is taller than Charles.
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led to one of the earliest versions of the theory. Various researchers,
notably Huttenlocher (1968), proposed that reasoners form a mental
arrangement of the individuals in the appropriate serial order. Other
research revealed a more complicated picture. Thus Clark (1969) showed
that a term such as “taller” is easier to understand than its converse
“shorter,” because the former is essentially reutral and affirmative in
tone, whereas the latter is contrastive and negative in tone. A further
complication is that subjects appear to develop different strategies to
cope with the experimental task (compare Sternberg and Weil 1980,
Egan and Grimes-Farrow 1982).

Spatial reasoning depends on more complex relations than three-term
series problems. Consider, for example, the following inference:

The black ball is directly beyond the cue ball.

The green ball is on the right of the cue ball, and there is a red ball
between them.

Hence if I move so that the red ball is between me and the black bali,
then the cue ball will be to the left (of my line of sight).

Rules of inference for it would be complicated, and it is more likely to
be drawn by manipulating a model of the spatial arrangement (see
Johnson-Laird 1983, ch. 11, for the description of a spatial—reasoning
program based on models}.

One central point to make clear is that the logical properties of a term
are emergent properties of its meaning rather than an explicit part of
that meaning. For instance, the relation “greater than” has the logical
property of transitivity, that is, any inference of the form

X > yandy > z, therefore x > z

is valid. Yet there is no need to postulate a mental logic containing such
a rule. Granted the concept of the successor of a number, for example,
the successor of 2 is 3, the relation can be defined recursively (see
Rogers 1967).

x >y if x is the successor of y, or there is some number z such that x
is the successor of z and z is greater than y.

It follows from this definition that, say, 4 > 2, because there is a number,
3, such that 4 is its successor.and 3 > 2 (because 3 is the successor of
2). The principle of transitivity is plainly not part-of the definition, but
any model based on the meaning of the premises a > b and b > ¢
yields the conclusion a > ¢.

The emergence of logical properties from meanings is a general prin-
ciple. It applies to relations that hold between proposttions, including
simple relations such as “and” and “or,” and more complicated condi-
tional and causal relations. As in negation the key to the representation
of these abstract relations is the introduction of appropriate procedures
for interpreting special elements within models. A discourse may
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describe an actual situation, a possible situation, or a hypothetical or
fictitious situation. There must be therefore some way of representing
the status of a discourse and of symbolizing it within a model. A
conditional assertion, such as

If John is here, then Mary has left.

accordingly calls for a model in which the antecedent situation is rep-
resented as a possible state of affairs in which the consequent situation
holds (see Johnson-Laird 1986).

Recent results suggest that conditional reasoning may call for a search
for counterexamples rather than the manipulation of linguistic repre-
sentations according to formal rules of inference. It is well known that
people are inclined to commit certain fallacies. Thus given the premises

If it rains, she get wet.

It doesn’t rain.

they conclude fallaciously She does not get wet. Why not postulate a
corresponding fallacious formal rule? Because, say the defenders of
mental logic, the inference can be suppressed by providing an appro-
priate additional premise suggesting that there are other ways in which
to get wet, for example, if it snows, she gets wet {Rumain, Connell,
and Braine 1983). Byrne (1989) has shown, however, that an additional
premise can also suppress the use of the central rule of formal logic,
modus ponens. Thus given the following sort of premises:

If it rains, she gets wet.
If she goes out, she gets wet.

It rains.

there is a striking suppression in the percentage of people who conclude
She gets wet. The explanation, Byrme argues, is that people construct a
model of the situation described by the premises, taking into account
their general knowledge. They can readily find a counterexample to the
putative conclusion that she gets wet, that is, they assume she does
not go out. Thus they treat the original conditional, “If it rains, she gets
wet,” as at best an elliptical description of the state of affairs.

Any form of deductive reasoning in a finite domain can be based on
semantic procedures for constructing, interpreting, and manipulating
mental models. These procedures will obviously be sensitive to the
content of premises. Likewise stress, emotionality, prejudice, or frank
psychopathology may Jead to a failure at any stage and particularly to
2 failure to confront counterexamples. On the one hand the theory
allows for rationality in principle—the complete and correct perfor-
mance of all the procedures; on the other hand it provides a natural
explanation for errors.
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12.4 Models as the Representation of Knowledge

Whenever you understand some phenomenon, such as how an elec-
tronic calculator operates, how a hydrogen bor™ detonates, or how
Godel’s theorem works, you have a mental representation of it that is
like a working model. Expertise rests on such knowledge, and cognitive
scientists have undertaken a massive investigation of systems thar rep-
resent knowledge and retrieve it when it is needed. There have been
studies of models in many domains, including the movement of objects
(de Kleer 1977, de Kleer and Brown 1981, Forbus 1983), eiectrical circuits
(Gentner and Gentner 1983, de Kleer 1985), propulsion systems (Wil-
liams, Hollan, and Stevens 1983), medical diagnosis (Meyer, Leventhal,
and Gutmann 1985), navigation (see, for example, Qatley 1977, Hutch-
ins 1983), and, above all, computing systems (see, for example, Du
Boulay, O’Shea, and Monk 1981, Soloway, Ehrlich, Bonar, and Green-
span 1982).

Theorists have used the term “mental model” in these contexts to
refer primarily to the confent of a mental representation. But, although
mental models may differ markedly in their content, there is no evi-
dence to suggest that they differ in representational format or in the
processes that construct and manipulate them. What is at issue is how
such models develop as an individual progresses from novice to expert,
and whether there is any pedagegical advantage in providing people
with models ot tasks they are trving to learn.

The Development of Expertise

In the study of intellectual development there has been a shift away
from the traditional Piagetian emphasis on a change in structures and
processes toward the view that what really changes is the content of
knowledge (see, for example, Carey 1985, Keil 1979, 1989). Similarly as
adults become more competent in a particular domain, they develop a
richer model of that domain. As Young (1983) has argued, your model
of an electronic calculator may represent merely a simple causal link
from pushing certain keys to the execution of certain mathematical
functions:

You type in an expression. The machine examines it, analvzes i, and
calculates the answer according to the rules of arithmetic.

But to exploit the calculator fully, you reed a rather richer ...udel that
maps specifications of particular arithmetic tasks onto specifications of
particular sequences of actions—a so-called task-action model (Moran
1981, Young 1983, Green, Schiele, and Payne 1988). The model that you
need to diagnose a malfunction will be still diiferent again. perhaps
incorporating the notion of binary adders, logic gates, and so on.

An important difference between the way a novice and an expert
reason about a physical situation is that the novice's model represents
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objects in the world and simulates processes that occur in real time,
whereas a trained scientist can construct a model that represents highly
abstract relations and properties, such as forces and momenta (Larkin
1983). The novice reasons qualitatively because appropriate quantitative
reasoning calls tor the more abstract model. A similar moral can be
drawn from Tversky and Kahneman’s work on judgments of probabil-
ity. Naive individuals reason on the basis of mental simulations that
call for the construction of models representing typical sequences of
affairs (Kahneman and Tversky 1982); appropriate quantitative reason-
ing demands a more abstract model that embodies such factors as the
a priori probabilities of events, the variances of distributions, and so
on.

A model of a domain may be incomplete or inaccurate, and yet it can
still be useful (Norman 1983; Johnson-Laird 1983, ch. 1)-—just as a clock
can be useful even though it is neither wholly accurate nor a complete
representation of the earth’s rotation. An. erroneous model can ob-
viously lead to erroneous conclusions and to certain persistent cognitive
llusions. Thus, for example, many people believe that if a coin is rolled
round the side of another fixed coin from top to bottom, it will end up
inverted (see diSessa 1983). Many students believe that if an object is
rotated on the end of a string, and the string snaps, then the trajectory
of the object (ignoring gravity} is a spiral (see McCloskey, Caramazza,
and Green 1980). Yet erroneous models are not always sources of error,
and sometimes they may be a better guide than more sophisticated
models. Kempton (1986) reports that there are two common models of
thermostats. One model assumes that a thermostat acts as a feedback
device that senses temperature and turns the furnace on or off to
maintain a given temperature. The other, more primitive, model treats
the thermostat as a valve that directly controls the furnace as the knob
on a gas cooker. A “feedback” model can lead to a failure to set the
thermostat low at night, if it implies that the fuel saved is balanced by
the extra expense of reheating the house in the morning. This error is
not made with the “valve” model because it implies that a lower setting
always reduces the use of the furnace.

The source of error in a model may be mere ignorance, as in many
misconceptions about force in physical systems. Sometimes, however,
the error arises from a failure to envisage the situation properly or to
hold in mind various possibilities, particularly in difficult deductive
inferences. A nice example of the failure to envisage a situation has
been described by Hinton (1979). The task is to imagine a cube balanced
on one corner with the diametrically opposed corner vertically above it
and then to indicate the locations of the other corners of the cube.
Correct performance is rare without considerable previous experience
with cubes. Many people consider that there are only four other corners
that lie on the same horizontal plane.

Domains



487

Pedagogy, Analogy, and the Source of Models

One source of mental models is observation (aided by knowledge),
another is other people’s explanations, and still another is our ability
to construct models for ourselves either from a set of basic components
or from analogous models that we already possess. The whole of math-
ematics can be constructed from a small set of primitive ideas; any
computational procedure can be constructed from a small set of building
blocks; and most surprisingly explanations of the physical world, it

-seems, also rest on a foundation of basic ideas. Once we have a grasp

of some of these ideas, a verbal explanation of a phenomenon enables
us to construct a model of it. (Certain aspects of quantum physics elude
such models; see Feynman 1985.)

A pedagogical precept, laid down by Wertheimer (1961), is that in-
formation should be presented to students in a way that enables them
to cope with novel problems. This precept has also emerged from
modern studies: an outline of the causal model of a machine, as opposed
to its operating principles alone, enables novices to make inferences
about novel problems (Halasz and Moran 1983, Kieras and Bovair 1984).

In situations where there is no teacher, people are reasonably adept
at constructing causal models of their own. They already possess a rich
knowledge of the variety of causal relations (Milier and Johnson-Laird
1976, sec. 6.3). They understand three important principles: first, in a
deterministic domain all events have causes; second, causes precede
their effects; and third, an action on an object is the likely cause of any
change that occurs in it. These principles suffice, as Lewis (1986) has
demonstrated in a computer program, for the construction of simple
causal models of a physical system.

When a causal model fails to explain some phenomenon, a person is
likely to search for a useful analogy, for example, the model of a ther-
mostat as a valve. Gentner (1983, 1989) argues that the mere similarity
of features between one domain and another cannot possibly account
for the use of one as an analogy for the other. What has to be carried
over are higher-order semantic relations, such as a causal framework.
Thus in Rutherford’s analogy between the solar system and the atom,
the sun maps onto the nucleus of the atom, and the planets map onto
the electrons. The properties of the sun, such as its heat, are dropped,
but the higher-order relations are carried over. Hence the relation

the sun’s attraction of the planets causes them to revolve around it
yields the inference

the nucleus’s attraction of the electrons causes them to revolve
around it.

In fact the computer implementation of Gentner's theory establishes
the best global mapping of svstematic structure and then sets up the
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mappings between the objects (Falkenhainer, Forbus, and Gentner
1986).

Holyoak and his colleagues have argued that the critical step in the
mobilization of an analogy is the failure to solve a problem (Gick and
Holyoak 1983, Holyoak 1985, Holyoak and Thagard 1989). The failure
triggers an attempt to find an analogous problem to which the solution
is known—a procedure that depends on finding existing links from the
concepts active in the unsolved problem to those in another domain.
Once sufficient links have been established, the actions contributing to
the earlier solution can be transferred to the new problem. Analogical
thinking is almost certainly not a unitary process, however, but, as
Keane (1988) emphasizes, a set of different processes that depend on
what an individual knows about a particular domain. In the case of
profound scientific analogies, the search for links between one domain
and another seems likely to be beyond the scope of any general
algorithm.

12.5 A Critique of Mental Models

Theories of mental models have generated considerable interest, and
inevitably they have also excited criticism, particularly from those com-
mitted to mental logic. One frequent objection is voiced in the form of
a question: What exactly is a mental model? If the questioner requires
a working definition, then a mental model can be detfined as a repre-
sentation of a body of knowledge—either long-term or short-term that
meets the following conditions:

[. Tts structure corresponds to the structure of the situation that it
represents.

2. 1t can consist of elements corresponding only to perceptible entities,
in which case it may be realized as an image, perceptual or imaginary.
Alternatively it can contain elements corresponding to abstract notions;
their significance depends crucially on the procedures for manipulating
models.

3. Unlike other proposed forms of representation, it does not contain
variables. Thus a linguistic representation of, say, All artists are beekeepers
might take the form

For any x, if X is an artist, then x is a beekeeper.

In place of a variable, such as “x” in this expression, a model employs
tokens representing a set of individuals.

Another major thrust against mental models is that.they are an un-
necessary explanatory concept. This criticism is similar to a familiar
argument against imagery. Various authors, including Pylyshyn (1973,
1981) and Rips (1986), argue that everything can be represented by
propositional representations, that is, structured strings of symbols in a
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mental language. Any mental representation ultimately depends on
neural events, and these, like the machine code of a computer, may
well be computations on strings of symbols. But such symbols do not
make explicit to consciousness the high level “relation structures” of
which we are normally aware—the fact that the table is in front of the
stove, and so on—and thus it seems that mental computations must
have higher levels of organization. Indeed in another, narrower sense,
the expression “propositional representation” is used to refer to high-
level representations, namely, linguistic representations made up from
symbols corresponding to lexical items in the language (see Kintsch
1974, Fodor 1975). In this case, as we have seen, there is a need to
supplement them with mental models to account for reasoning and the
comprehension of discourse.

The great danger for theories of representation is that they perpetrate
the “symbolic fallacy” that meaning is merely a matter of relating one
set of symbols to another. As Lewis (1972) said, to translate a sentence
into a linguistic representation provides no more of an account of the
conditions in which it is true than does a translation into Latin. One
extreme reaction here is to say, in effect, so much the worse for truth
conditions. Thus Rips (1986) wrote: “Cognitive psychology has to do
without semantic notions like truth and reference that depend on the
relationship between mental representations and the outside world.”
Alas, if we give up truth and reference, not much of mentai life remains,
and we cannot even account for the comprehension and verification of
discourse. Contrary to Rips’s methodological prescription many authors
have urged that a major problem for cognitive science is to explain how
symbols refer to the world (compare Hofstadter and Dennett 1981,
Haugeland 1985, Russell 1987). The theory of mental models proposes
a solution to this problem, though some commentators wrongly believe
that it treats the interpretation of language as nothing more than the
translation of utterances info models and neglects the question of how
models are related to the world (see Oden 1987). As we have seen,
however, the solution is that models of the world can also be con-
structed as a result of perception, internal experience, and social inter-
action. A discourse is deemed true if a model based on its linguistic
representation can be embedded within such a model (Johnson-Laird
1983, pp. 247, 441).

A major problem with theories that invoke mental models as a rep-
resentation of knowledge is their radical incompleteness. Indeed is it
really possible to render overt our common sense about the evervday
world, our knowledge of the meanings of words, and the competence
underlying our expertise? A chorus of skeptics has argued 1o the con-
trary. Thus Dreyfus (1972), a persistent critic of artificial intelligence,
says that the intractable problem in the simulation of human behavior
is that “all alternatives must be made explicit.” Even Winograd, an
erstwhile advocate of artificial intelligence, has recently argued that
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background knowledge cannot be represented as a set of explicit prop-
ositions {Winograd and Flores 1986). The overwhelming nature of
knowledge may make it difficult—even impossible—for us to construct
intelligent machines (other than by the original biological method}. But
it has no direct bearing on the feasibility of cognitive science, because
a scientific account of how knowledge is acquired, retained, and used
in interpreting the world does not necessarily call for a complete spec-
ification of all knowledge. Moreover, as Hayes (1979, 1985) and other
like-minded theorists have argued, it may be possible to spell cut in-
tuitive knowledge in a completely explicit way. The enterprise is enor-
mously time consuming, but if there are any insuperable barriers to it,
thev have vyet to be discovered.

A more serious form of incompleteness concerns the theories of men-
tal models themselves. Thus theories of vision de not yet give a full
explanation of how retinal stimuli are mapped into rich dynamic models
of the sort that the human perceptual system cunstructs. Theories of
discourse account only for how fragments of language can be translated
into models. Theories of reasoning have been acvanced only for finite
domains. And only a small number of expert sytems have exploited
model-based reasoning despite its apparent advantages for coping with
nondeductive inferences. One reason for such deficiencies is the sheer
difficulty of formulating theories, especially where the theorist is forced
to analyze the truth conditions of expressions—a matter that can be
finessed within semantic networks or other forms of linguistic
representation.

12.6 Cenclusion

In some domains theorists have emphasized the contenit of mental mod-
els. Thus studies of our everyday theories of the world have concen-
trated on what we know, and theorists have used a variety of
representational formats—semantic networks, logical calculi, produc-
tion systems—to represent such knowledge. In other domains, such as
perception, discourse, and reasoning, theorists have emphasized the
structure of models and how they are constructed by mental processes.
Yet the theorists are talking about the same beast. Human beings create
models of the world from both perceptual acquaintance with it and
descriptions of it. These two forms of knowledge must be commensur-
able, otherwise we would never know what we were talking about or
whether what we were saying was true. We retain such knowledge in
long-term memory as the basis of our expertise in dealing with the
world; and we can reason about any of our knowledge whether its
source is perception, discourse, or memory.

In short, despite the diversity of theories, if we are to do justice to
mental representations, the evidence suggests that those that we build
from discourse are akin in structure to those that we build by other
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means, and that reasoning exploits the same sort of models. Mental
models are internal symbols, and so one question remains: What other
sorts of symbols are there? Images, as I remarked, are a special sort of
model—a two-dimensional representation that is projected from an un-
derlying three-dimensional model. Hence the theory invokes a simple
three-part inventory: linguistic representations, models, and procedures
for manipulating them.

When Craik (1943) argued that people reason by carrying out thought
experiments on internal models, the idea seemed dangerously hetero-
dox. Now the range of phenomena that mental models are used to
explain is growing rapidly. They include metacognition (Gilhooly 1986),
consciousness and the self (Oatley 1981), intentional behavior and free
will (Johnson-Laird 1988), and psychopathy (Power and Champion
1986). What remains as perhaps the major puzzle is how an entity can
have recursive access to a model of its own performance (Weyrauch
1980; johnson-Laird 1983, ch. 16; Smith 1984; Haves-Roth, Garvey,
Johnson, and Hewett 1987), and how it can exploit that knowledge in
dealing with the world.

Note

Lam gratefui to my former colleague Alan Garnham, whose own ideas on mental models
{see, for example, Garnham 1987} have had a major effect on my thinking. I thank Phil
Barnard, Alan Garnham, Ed Smith, Mark Keane, and Michael Posner for manv useful
comments. Finally, I am grateful to Ruth Byrne for detailed criticisms of a previous draft
and for other help in preparing this chapter.
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