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a b s t r a c t

It has been discovered more than a decade ago that autistic people cannot properly understand and
reproduce mental states and emotions. We hypothesize that people with autism suffer from difficulties
in learning social rules from examples. Many remediation strategies have not taken this into account.
Therefore an appropriate remediation strategy is to teach not simply via examples but to teach the rule
along with it. In this study we suggest a reasoning rehabilitation strategy, based on playing with a com-
puter based mental simulator that is capable of modeling mental and emotional states of the real world. A
model of the mental world is presented in 12 steps. We describe our implementation of a natural lan-
guage multiagent system that simulates this model. In addition we describe the system’s user interface
for autistic rehabilitation. This system is subject to short-term and long-term evaluation of rehabilitation
of autistic reasoning. Case studies with children who used it extensively are presented. Implications spe-
cifically in terms of autistic rehabilitation as well as generally in terms of reasoning about mental states
are discussed.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Recent psychological studies have revealed that autistic chil-
dren can neither reason properly about mental states nor under-
stand emotions [4,40,42,60]. Autism is a multifactor disorder that
is characterized by impaired social interaction and communica-
tion, combined with repetitive and stereotyped patterns of behav-
ior, and there is a strong need for efficient educational support for
such children with special needs. Autism is a developmental disor-
der which is currently defined in terms of its symptoms [9]. The
three main accounts of the psychology of autism can be outlined
as follows:

� Theory of mind account, which refers to the ability to infer and
understand what oneself and others are thinking (knowing,
believing, desiring) in order to plan one’s own behavior and pre-
dict the behavior of others. This ability to reason about mental
attitudes is impaired in patients with autism [3]. This reasoning
disability leads to difficulties with such mental reasoning-based
forms of behavior as pretend play, problems in understanding
false beliefs, and the ability to tell lies.
� Weak central coherence account, which refers to the inability of

individuals with autism to process information in context,
even having a remarkable ability to remember details

[11,12]. For example, autistic individuals seem to have more
difficulty than controls in recalling sentences or a main plot
of a story, being as good as controls at recalling unconnected
word strings [29].
� Executive dysfunction account, which refers to the inability of

autistic individuals to maintain appropriate problem-solving
behavior [39,48]. This is often manifested in the form of behav-
ior that perseveres inappropriately despite changing goals [38].

In this study we focus on the first account above and develop a
tool which assists the learning process of reasoning about mental
attitudes. To do that, we subject the theory of mind and its impair-
ment under autism to a formal analysis, propose a formal model of
reasoning about mental attitudes (adequate for such learning), and
build the learning tool in accordance to this model. This tool is
based on a simulation of reasoning about mental states and actions
by conflicting software agents. We present the deployment of the
natural language multiagent mental simulator NL_MAMS for men-
tal and emotional development of autistic children.

Limited skills of autistic reasoning about mental states are usu-
ally within the theory of mind account characterized as a lack of
theory of mind in people with autism. In this study we treat the
theory of mind from the perspective of logical artificial intelli-
gence, providing a more systematic way to characterize mental
states, mental actions and how their representation is corrupted
under autism. Building the adequate model of the mental world
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and emotions is important for teaching the individuals, whose
understanding of mental world is impaired.

In our previous studies we have analyzed each of the above
three accounts in terms of models of underlying reasoning. The
theory of mind account has been a subject of the systematic
exploration of the reasoning about mental states by individuals
with mental disorders [16,17]. The theory of mind account has
been extended to reflect the computational experience of
‘‘teaching’’ computers to reason about mental attitudes: an
adequate formalization of the mental world has been built to
represent a number of autism phenomena. These studies ad-
dressed the peculiarities of autistic reasoning about knowledge,
beliefs, intentions, and about other mental states and actions.
Involving the formalisms of logical artificial intelligence, and
the BDI (Belief–Desire–Intention) model in particular [6], the
system for representation of reasoning about mental states and
actions has been built. Our system is capable of simulating the
verbal behavior of autistic as well as control patients [19]. We
have also analyzed various forms of autistic reasoning about
action, time, space and probabilities, and have found that their
deductive reasoning skills are stronger than their inductive,
abductive, and analogical forms of reasoning [21]. We developed
a set of exercises and built the software implementations focus-
sing on selected reasoning patterns, teaching autistic trainees to
reason properly about mental states in accordance to the tradi-
tions of axiomatic method, since the natural ways of teaching
(by example) usually do not help [20]. Also, it has been shown
that the training of reasoning about beliefs, desires and inten-
tions assists the emotional development [17]. A series of interac-
tive rehabilitation software tools have been developed which
stimulate various forms of commonsense reasoning, conversation
and decision-making in autistic trainees [41].

The second and third accounts of autism above have been char-
acterized in terms of default reasoning [41,61], where typical and
atypical situations are treated differently, in contrast to classical
reasoning.

In this paper, we propose a new conceptual reasoning model for
autism in which the core deficits, and other related symptoms,
emerge as a result of a basic problem with symbolic reasoning.
Our model attempts to provide the developmental mechanism re-
quired to explain why primary deficits related to social orientation
may be the cause for autism and its broader features, and why
intensive early intervention by means of stimulating reasoning
about mental attitudes frequently helps to improve autistic
reasoning.

Beyond the Introduction, the paper is organized as follows. We
firstly discuss the experimental results of theory of mind training
and propose how they can be improved using a symbolic logic-
based treatment of this theory using the software tool. Then in Sec-
tion 1 we introduce a formal model for the theory of mind, keeping
in mind that it will be used as a basis to develop the software-as-
sisted rehabilitation strategy. The reader who prefers to avoid
technical details may want to skip Sections 1 and 2 and proceed
to Section 3.5.

In Section 2 the mental simulator NL_MAMS is presented, the
system that is capable of automated reasoning within our frame-
work of the mental world. User interface and implementation of
the simulator is followed by evaluation of its reasoning capabilities
and the description of its deployment for the rehabilitation of rea-
soning. Section 3 presents the NL_MAMS-assisted rehabilitation
strategy and describes its evaluation. Towards the end of the paper,
we analyze educational value of the proposed rehabilitation strat-
egy and describe a case study. In describing the theory of mind, we
will be relying on the language of logic programming, this being a
convenient way to introduce the mental world both to computers
and autistic children.

1.1. Teaching theory of mind to autistic patients

The possibility to teach autistic children theory of mind has
been assessed in multiple studies because of potentially important
clinical implications. If it is true that a deficit in reasoning about
mental attitudes leads to impairment in social interaction and
understanding of oneself and others, then an efficient method for
teaching theory of mind may assist in overall autism rehabilitation.
Autism training studies, including the current one, are valuable
sources of knowledge regarding how improved reasoning patterns
affect trainees’ behavior including social interaction.

The theory of mind training studies conducted so far have
shown that some individuals with autism can be taught to pass
the particular tasks of reasoning about mental states [53,5,55]. In
most cases, it is natural to assume that trainees indeed apply one
or another reasoning pattern rather than memorizing exact an-
swers. Regrettably, in most cases, the studies of how individuals
with autism acquire mental reasoning patterns are lacking an
accurate formulation of these patterns, backed up by computa-
tional experiments. We believe the latter is essential to differenti-
ate between mental and non-mental components of reasoning
process.

Another problem with teaching particular patterns of reasoning
about mental states is a verification of how children can generalize
from acquired mental reasoning patterns. Because the majority of
theory of mind training studies have not considered deductive
links between the mental reasoning patterns to be thought, it is
unclear how the acquisition of one pattern should have affected
others. We believe that the question of mutual dependence of rea-
soning patterns should be addressed from a computational per-
spective. Indeed, applying axioms about intention, knowledge
and beliefs to be introduced, we subject their generalizations to a
formal treatment and observe how they can be taught (Sections
2 and 4).

A number of earlier studies have focused on theory of mind
tasks, demonstrating that members of high-functioning group of
individuals with autism are able to pass first-order [2], second or-
der and even third-order tasks [62]. Also, the tasks include interac-
tion and conversational skills concerning maintaining the topic of
conversation and adjustment of conversation topics for others,
interpretation and expression of non-verbal signals, listening and
expressing interest in others. Also, the series of role-play tasks
which imitate the second-order belief task.

The results of these theory of mind training studies is that the
performance of the group which has undergone training has im-
proved (at least with the second order tasks) with respect to con-
trols. However, frequently children were able to apply non-mental
state rules, and were not able to show the results of their training
in their behavior. Only a smaller proportion of high-functioning
autistic children are believed by these authors to improve their so-
cial skills as a result of training. In terms of generalization, children
were able to apply acquired mental rules to other subjects and ob-
jects. However, it is still unclear what was being generalized – new
knowledge about inferring mental states or a non-mental-state
rule that allowed participants to pass tests. Disappointingly, chil-
dren with autism can hardly transfer their reasoning skills from
one mental domain to another (e.g. recognition of emotion, pre-
tence, false belief; [63]).

We believe that the reasons for the rather low efficiency of the
above training, in addition to autism-specific reasoning impair-
ments, concern the consistency and persistency of the training
and the thoroughness of coverage of the domain of mental reason-
ing. Here we discuss how to develop the experimental studies, ver-
ifying whether treatment of autistic theory of mind reasoning is
efficient or not, into long-term rehabilitation strategies which are
viable for a wide audience of individuals with autism.
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