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Abstract. Humans are without any doubts the prototypical example
of agents that can hold rational beliefs and can show rational behavior.
If an AGI system is intended to model the full breadth of human-level
intelligence, it is reasonable to take the remarkable abilities of humans
into account with respect to rational behavior, but also the apparent
deficiencies of humans in certain rationality tasks. Based on well-known
challenges for human rationality (Wason-Selection task and Tversky &
Kahneman’s Linda problem) we propose that rational belief of humans
is based on cognitive mechanisms like analogy making and coherence
maximization of the background theory. The analogy making framework
Heuristic-Driven Theory Projection (HDTP) can be used for implement-
ing these cognitive mechanisms.
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1 Introduction

Although human behavior can seem erratic and irrational at times, only few
people would doubt that human behavior can be rational and, in fact, appears
rational most of the time. If we explain behavior, we use terms like beliefs and
desires. If an agent’s behavior makes the most sense to us, then we interpret
it as a reasonable way to achieve the agent’s goals given his beliefs. Hence, the
concept of rationality and, in particular, the epistemic aspects of rationality,
namely the consideration of rational beliefs of an agent, does play a crucial role
in describing and explaining behaviors of humans in a large variety of situations.

Discussions about and theories on rationality are often linked to disciplines
like psychology, economy, and philosophy. Little attention has been paid so far
in artificial (general) intelligence towards a theory of rationality, although a
currently increasing endeavor in AI and AGI to model generalized forms of in-
telligence cannot be denied.1 A reason might be that the concept of rationality
is too broad in order to be of interest to artificial intelligence, where usually
relatively specific cognitive abilities are modeled. Another reason might be the
1 Cf. [11] or [22] for two examples intended to model general intelligence. Major dif-

ferences between rationality issues as discussed in this paper and models for general
intelligence are the focus on cognitive mechanisms and the inspiration of seemingly
irrational behavior of human subjects in the current proposal.
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lack of interest of AI researchers concerning classical rationality puzzles, because
an artificial agent is intended to reproduce rational behavior, but is not intended
to reproduce seemingly irrational human behavior (cf. Section 2 for a discussion
of some of these puzzles). Nevertheless, we think that a move towards artifi-
cial general intelligence cannot ignore any longer rationality issues of human
subjects. In particular, this means that neither the remarkable abilities nor the
obvious deficits human subjects show in rationality tasks should be ignored. For
a general intelligent system the question that can be raised is which properties
of rationality can be transferred to and modeled in AGI frameworks, in order to
achieve intelligence on a human scale.

Although, even in psychology or economics there is no generally accepted for-
mal framework for rationality, we will try to argue for a model that links rational-
ity to the ability of humans to establish analogical relations. This is an attempt
for proposing a new perspective and framework for rationality. Our argumen-
tation is mostly conceptual in nature and not empirically based. Nevertheless,
we think that there are strong conceptual arguments for linking rationality and
analogy making.

2 Rationality Concepts and Challenges

2.1 Rationality

Many frameworks have been proposed for modeling rationality. Different frame-
works for rationality use significantly different methodologies. Clustering such
frameworks results in at least the following four classes.

– Logic-based models (cf. e.g. [3])
– Probability-based models (cf. e.g. [7])
– Heuristic-based models (cf. e.g. [6])
– Game-theoretically based models (cf. e.g. [15])

Several of these models have been proposed for establishing a normative theory
of rationality. For example, with respect to logic theories, this means in its simplest
form that a belief is rational, if there is a logically valid reasoning process to reach
this belief (relative to available and given background knowledge). With respect to
probabilistic approaches, a belief is rational, if the expectation value of this belief
is maximized (relative to given probability distributions of background beliefs).
Therefore, such theories of rationality are not only intended to model “rational be-
havior" of humans, but also to predictively determine whether a particular belief,
action, or behavior is rational or not. Furthermore, such theories specify definitions
of rationality.Although a conceptual clarification of rational belief and rational be-
havior is without any doubts desirable, it is questionable whether the large number
of different (and quite often orthogonal) frameworks make this task easier. In this
paper, we will not try to propose a new (normative) definition of rational belief.
Rather, we propose to explain and specify rationality and rational belief of human
subjects by referring to certain cognitive mechanisms like analogy making and co-
herence maximization of the background theory. Furthermore, we intend to show
that such mechanisms can be implemented and modeled computationally.
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Table 1. The Wason-selection task questions whether humans reason in such situa-
tions according to the laws of classical logic. Tversky and Kahneman’s Linda problem
questions the ability of humans to reason according to the laws of probability theory.

Wason-Selection Task [24]:
Every card which has a D on one side has a 3 on the other side (and knowledge that
each card has a letter on one side and a number on the other side), together with
four cards showing respectively D, K, 3, 7, hardly any individuals make the correct
choice of cards to turn over (D and 7) in order to determine the truth of the sentence.
This problem is called the “selection task" and the conditional sentence is called “the
rule".
Linda-Problem [21]:
Linda is 31 years old, single, outspoken and very bright. She majored in philosophy. As
a student, she was deeply concerned with issues of discrimination and social justice,
and also participated in anti-nuclear demonstrations.

Linda is a teacher in elementary school.
Linda works in a bookstore and takes Yoga classes.
Linda is active in the feminist movement. (F)
Linda is a psychiatric social worker.
Linda is a member of the League of Women Voters.
Linda is a bank teller. (T)
Linda is an insurance salesperson.
Linda is a bank teller and is active in the feminist movement. (T&F)

2.2 Well-Known Challenges

Although the classes of frameworks mentioned in Section 2.1 have been proven
to be quite successful in modeling certain aspects of human intelligence, they
have been challenged by psychological experiments. For example, in the famous
Wason-selection task [23] human subjects fail at a seemingly simple logical task
(cf. Table 1). Similarly, Tversky and Kahneman’s Linda problem [21] illustrates a
striking violation of the rules of probability theory in a seemingly simple reason-
ing problem (cf. Table 1). Heuristic approaches to judgment and reasoning [5] try
to stay closer to the observed behavior and its deviation from rational standards.
They are often seen as approximations to a rational ideal or at least sometimes
can be demonstrated to work in practice, but they fail in having the same formal
transparency and clarity of logic-based or probability-based frameworks with re-
gard to giving a rational explanation of behavior. Game-based frameworks are
questioned due to the various forms of optimality concepts in game-theory that
can support different “rational behaviors" for one and the same situations (e.g.
Pareto optimality vs. Nash equilibrium vs. Hick’s optimality [1]).

In order to make such challenges of rationality theories more precise, we dis-
cuss some aspects of the famous Wason-Selection task and the Linda problem in
more detail.
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Wason Selection Task. This task shows that a large majority of subjects are
seemingly unable to verify or to falsify a simple logical rule of the form “p → q".
In the version depicted in Table 1, this rule is represented by: “If on one side
of the card there is a D, then on the other there is the number 3". In order to
check this rule, subjects need to turn D and 7, i.e. subjects need to check the
direct rule application and the contrapositive implication (modus tolens of the
rule). What is interesting is the fact that a slight modification of the content of
the rule (content-change), while keeping the structure of the problem isomorphic,
subjects perform significantly better: In [2], the authors show that a slight change
of content of the abstract rule “p → q" to a well-known problem shows different
results with a significant increase of correct answers of subjects. The authors use
the rule “If a person is drinking beer, then he must be over 20 years old." The
cards used in the task were “drinking beer", “drinking coke", “25 years old", and
“16 years old". Solving this task according to the rules of classical logic comes
down to turning “drinking beer" and “16 years old".

Linda Problem. With respect to the Linda problem it seems to be the case
that subjects have problems to prevent the so-called conjunction fallacy: subjects
are told a story specifying a particular profile about the bank teller Linda. Then,
eight statements about Linda are shown and subjects are asked to order them
according to their probability (cf. Table 1). 85% of subjects decide to rank the
eighth statements “Linda is a bank teller and active in the feminist movement"
(T & F) as more probable than the sixth statement “Linda is a bank teller"
(T). This ranking is conflicting with the laws of probability theory, because the
probability of two events (T & F) is less or at most equal to the probability of
one of the events (e.g. T).

Classical Resolution Strategies. Many strategies have been proposed to ad-
dress the mentioned challenges. For example, logicians proposed non-classical
logics to model subjects’ behavior in the Wason-Selection task [18]. Other re-
searchers claim with respect to the Wason-Selection task that humans do not
perform (syntactic) deductions, but do perform reasoning in semantic models
[12]. For other challenges, like the Linda problem, again many strategies towards
a solution have been proposed. Nevertheless, there is no generally accepted ratio-
nality concept available, yet. Moreover, specific frameworks can address specific
challenges, but do not generalize in order to address the breadth of the mentioned
problems. This situation is not very satisfying.

2.3 Non-standard Interpretations of Wason and the Linda Problem

An immediate reaction to the two mentioned challenges for rationality depicted
above may be to deny that humans are able to correctly reason according to
the laws of classical logic or the laws of probability theory. Nevertheless, we
think that humans are remarkably smart. The two cases definitely show that
humans have sometimes problems to apply rules of classical logic correctly (at
least in rather abstract and artificial situations) and it also shows that they have
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sometimes problem to reason according to the Kolmogorov axioms of probability
theory. Whether this means that their behavior is therefore irrational is not so
clear. The most that can be concluded from the experiments is that human
agents are neither deduction machines nor probability estimators, but perform
their undisputable reasoning capabilities with other means. Moreover, we think
that the deeper reason for subjects’ behavior in the described tasks is connected
to certain cognitive mechanisms that are used by humans in such reasoning tasks.

Resolving the Wason-Selection Task by Cognitive Mechanisms. As
mentioned above, according to [2] subjects perform better (in the sense of more
according to the laws of classical logic) in the Wason-Selection task, if content-
change makes the task easier to access for subjects. We think that the per-
formance of subjects have a lot to do with the ability of subjects to establish
appropriate analogies. Subjects perform badly in the classical version of the
Wason-Selection task, simply because they fail to establish the right analogy.
Therefore, subjects fall back to other strategies to solve the problem. In the
“beer drinking" version mentioned above [2], i.e. the content-change version of
the task, the situation is different, because subjects can do what they would do
in an everyday analogous situation: they need to check whether someone younger
than 20 years is drinking beer in a bar. This is to check the age of someone who
is drinking beer and conversely to check someone who is younger that 20 years
whether he is drinking beer or not. In short, the success or failure of manag-
ing the task is crucially dependent on the possibility to establish a meaningful
analogy.

Resolving the Linda Problem by Cognitive Mechanisms. In case of Tver-
sky and Kahneman’s Linda problem, a natural explanation of subjects’ behavior
is that there is a lower degree of coherence of Linda’s profile plus the statement
“Linda is a bank teller" in comparison to the coherence of Linda’s profile plus the
statement “Linda is a bank teller and is active in the feminist movement". In the
conjunctive statement, at least one conjunct of the statement fits quite well to
Linda’s profile. In short, subjects prefer situations that seem to have a stronger
inner coherence. Coherence is a complicated concept that will be discussed below
in more detail, but it can be mentioned already that coherence is important for
the successful establishment of an analogical relation. In order to make sense
out of the task, subjects tend to rate statements with a higher probability where
facts are arranged in a theory with a higher degree of coherence.

3 Rationality and AGI Systems

3.1 Modeling Rationality

One could object that an AGI system that attempts to implement rationality
should not be based on mechanisms that seemingly trigger irrational beliefs like
the ones shown in the Wason-Selection task. Nevertheless, this does not take
into account that mechanisms like the ability to establish analogical relations or
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Generalization
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Fig. 1. HDTP’s overall approach to creating analogies

the ability to maximize coherence properties of background theories can be seen
as the very reason for many remarkable cognitive achievements of humans. We
just mention some aspects with respect to analogy making:

– The ability to establish analogical relations can be interpreted as the reason
“why we’re so smart" [4].

– Analogy making is an important aspect of reasoning and “a core of cognition"
[9].

– Analogy making can be taken as a framework for creativity [10].
– Analogy making is important for concept learning [14].

We think that intelligence on a human scale can only be reached, if such mech-
anisms like analogy making and maximizing coherence of theories are carefully
taken into account. As a side-effect they can be used to explain some seemingly
irrational behavior and decisions of subjects in tasks like the ones mentioned
above. It should be mentioned that we do not claim that rational beliefs of nat-
ural and artificial agents are exclusively based on these two mechanisms. Other
mechanisms like classical forms of reasoning (e.g. deduction and abduction),
concept blending, reinforcement learning etc. are also necessary to reach a com-
plete picture of cognition. Nevertheless, we claim that for the particular issues
of rationality discussed in this paper, both mechanisms are crucial.

In order to give some hints how an analogy engine implements such cognitive
mechanisms we sketch some basic ideas of Heuristic-Driven Theory Projection
(HDTP) as an example of a powerful analogy making system. HDTP is a frame-
work for computing analogical relations between two domains that are axioma-
tized in first order logic [17]. HDTP provides an explicit generalization of the two
domains as a by-product of establishing an analogy. Such a generalization can
be a base for concept creation by abstraction. HDTP proceeds in two phases: in
the mapping phase, the source and target domains are compared to find struc-
tural commonalities, and a generalized description is created, which subsumes
the matching parts of both domains. In the transfer phase, unmatched knowl-
edge in the source domain can be mapped to the target domain to establish new
hypotheses, cf. Figure 1.

HDTP implements a principle (by using heuristics) that maximizes the cover-
age of the involved domains [17]. Intuitively, this means that the sub-theory of the
source (or the target) that can be generated by re-instantiating the generalization
is maximized (cf. Figure 1). The higher the coverage the better, because more
support for the analogy is provided by the generalization. A further heuristics in
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HDTP is the minimization of substitution lengths in the analogical relation, i.e.
the simpler the analogy the better [8]. The motivation for this heuristics is to
prevent arbitrary associations. Clearly there is a trade-off between high coverage
and simplicity of substitutions, or to put it differently, an appropriate analogy
should intuitively be as simple as possible, but also as general and broad as
necessary, in order to be non-trivial. This kind of trade-off is similar to the kind
of trade-off that is usually the topic of model selection in machine learning and
statistics.

HDTP has been applied to a variety of domains [17], [9]. A modeling of the
Wason-Selection task with HDTP is quite simple as long as appropriate back-
ground knowledge is available, in case an analogy should be established, or the
lack of appropriate background knowledge prevents analogy making, in case no
analogy should be established: if background knowledge for an analogous case
is missing, then there is no chance to establish an analogical relation, hence
subjects have to apply other strategies. If there is a source theory with suffi-
cient structural commonalities, then the establishment of an analogical relation
is straightforward.

The Linda problem is structurally different in comparison to the Wason-
Selection task. We think that an explanation of subjects’ behavior in terms
of coherence maximization, as sketched in the next subsection, is promising.

3.2 Coherence and Analogies

Basic concepts of coherence are discussed in several papers by Paul Thagard, cf.
[19], [20]. In Thagard’s approach, coherence is a property of sets of propositions
(pieces of information) that is induced by the coherence values between two
single propositions. Principles of coherence are formulated as a multi-constraint
network of highly interconnected elements. The nodes of the network are pieces of
information (e.g. formulas of a theory) and the (undirected) edges are weighted
with coherence values. Positive values between two propositions support the
coexistence of these pieces of information in the same theory, thereby increasing
the global coherence of such a network, while negative values enforce decisions
between alternatives (accepting only one of the items as part of the theory) or
decrease the global coherence of the network if both pieces are included in the
same theory. Hence, maximizing coherence means putting together those pieces
of information that have a positive values between them while separating those
having negative values.

In [20], the coherence values must fulfill certain constraints. The author gives
four general constraints that are important for all types of coherence:

– The coherence between two propositions is symmetric.
– The coherence between contradictory items is negative.
– The acceptance of a proposition depends on the change in coherence if it is

added.
– Propositions that are intuitively obvious have a degree of acceptability on

their own.
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Thagard proposed several types of coherence, for example, deductive, explana-
tory, conceptual, analogical, visual etc. coherence. Depending on the particular
type of coherence additional constraints are proposed. Due to space limitations
we cannot introduce the details of these concepts. Just to give the reader a flavor
of the approach, we mention the constraints for deductive coherence:

– A proposition coheres with propositions that are deducible from it.
– Propositions that together are used to deduce some other proposition cohere

with each other.
– The more hypotheses it takes to deduce something, the lower the coherence

between them.

We think that there are three possibilities to support the analogical reasoning
process by taking into account coherence.

– The maximization of coherence can be fruitfully used in order to extract a
source domain for analogy making. This means that relevant entries of the
underlying knowledge base need to be identified, selected, and retrieved.

– The mapping process incrementally builds the generalization of the under-
lying input theories. Maximizing the coherence of this generalization can be
used as a control strategy for the mapping phase.

– With respect to the control of the transfer phase coherence of the target
domain can indicate when to stop adding new formulas to the target.

Finally, we want to address the (open) question how coherence of theories
is related to the two guiding principles used in HDTP, namely to maximize
coverage and to minimize the complexity of analogical relations (i.e. minimize
substitution lengths). The link between deductive coherence and the two HDTP
principles is not straightforward, because there are obvious tensions between
Thagard’s constraints on coherence and the principles used in HDTP. Three
challenges are mentioned in the following:

1. Coherence can be defined on finite or infinite sets of formulas, whereas the
original coverage concept of HDTP is operating only on infinite theories, i.e.
the deductive closure of an axiom system.

2. Coherence of sets of formulas is symmetric in Thagard’s approach, whereas
analogical relations are commonly considered to be non-symmetric.

3. Analogical associations are broader than coherence relations, because they
can be productive, resulting in the creation of new concepts on the target.

We have currently no ready-made solutions for these challenges, but we add
some speculations about possible answers. Challenge 1. can be addressed by the
introduction of a modified notion of “finite coverage" for the HDTP framework.
Naturally, this finite version of coverage would correspond to the re-represented
inputs of the domain theories triggered by the analogical alignment. In order to
address challenge 2. a careful assessment of the symmetry constraint in Thagard’s
approach and the commonly assumed non-symmetry of the alignment process
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in analogy making needs to be carried out. It is relatively clear from research on
analogy that the directedness of an analogical relation can be relaxed in certain
circumstances. In particular, with respect to the creation of new concepts on the
target domain (e.g. in cross-domain analogies) an adaptation between source and
target is necessary specifying the parameters in which an analogy is appropriate.
Hence, there is a reciprocal relation between source and target without a strict
directedness of the analogical relation. Finally, challenge 3. requires an extended
definition of coherence because analogies allow for creative transfers and the
introduction of new concepts. Simple measures of coherence that are defined for
fixed sets of propositions are therefore not suitable.

Conceptually, it is rather clear that every analogical relation between a source
and a target domain is strongly dependent on a high coherence of the input
theories as well as the coherence that is established by the analogy itself. We
think that an integrated approach of both aspects in one framework is plausible.

4 Conclusions

In this paper, we proposed to introduce new aspects of rationality into the AGI
context. Rationality plays an important role in different scientific disciplines, but
did not get sufficient attention in AI or AGI. Based on the proposed new resolu-
tion strategies for classical rationality puzzles, we think that the usage of analogy
making frameworks and theories for maximizing the coherence of a theory are
good candidates for the implementation of rational belief. Although coherence
theories in the tradition of Thagard and analogy making frameworks may seem-
ingly be quite different frameworks, we claim that it is possible to instantiate a
high degree of coherence of a theory in an analogy making framework.

We think that this paper is just a first conceptual step towards a theory of
artificial rational agents. With respect to the present proposal, it is necessary to
figure out to which extent different types of coherence concepts can be integrated
into the HDTP framework. In particular, the challenges mentioned in Section
3.2 need to be addressed. A formal treatment of coherence in HDTP needs to
fleshed out. Furthermore, an implementation of coherence principles for retrieval,
mapping, and re-representation purposes in the analogy making process needs
to be formulated. With respect to competing theories for rationality, it would be
desirable to have formal approaches for heuristic approaches or game-theoretic
approaches as well.
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