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CHAPTER1
Introduction

In many respects, the human species is extraordinary in the animal kingdom.
Humans show an impressive ability to reason about the world around them, even
when parts of the world are not immediately observable to them. Human reason-
ing also extends to the minds of others in the form of theory of mind (Premack &
Woodruff, 1978), which is the ability to attribute mental states, such as beliefs,
desires, goals, and intentions, to oneself and to others. Theory of mind allows
people to appreciate that others may have beliefs that are different from their
own, but also to identify with a character from a book or a movie.

But the human ability to reason about other minds does not stop there. People
do not only use theory of mind to predict and interpret the behavior of others
directly, but they can also reason about the theory of mind abilities of others
to form beliefs about the way others reason about unobservable mental content.
Second-order theory of mind allows people to tell jokes, firm in the belief that a
listener would understand that the speaker does not intend to convey an actual
fact or opinion. This recursive use of theory of mind, using theory of mind to
reason about theory of mind itself, allows humans to live in the complex world
they have created for themselves.

Although humans can reason using second-order theory of mind, there appear
to be no other species capable of this type of reasoning. In fact, to what extent
non-human species reason about the minds of other at all is controversial. The fact
that higher-order theory of mind (i.e., at least second-order) emerged for humans,
but not for other species, suggests that there may be environments in which the
ability to make use of higher-order theory of mind provides individuals with an
evolutionary advantage that offsets the costs of maintaining such a cognitively
demanding trait.

Using agent-based models, we aim to investigate which environments this may
be. Agent-based modeling is a simulation technique in which individual agents
act and interact based on their perception of their local situation and history. By
modeling agents that differ in their theory of mind abilities, we can determine to
what extent agents benefit from the use of higher orders of theory of mind. If
the use of higher orders of theory of mind is particularly beneficial for computa-
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tional agents in certain settings, this may point to a possible explanation for the
emergence of human higher-order theory of mind. In contrast, if an agent does
not benefit from using higher-order theory of mind in some settings, that setting
is unlikely to have contributed to the emergence of human higher-order theory of
mind.

The remainder of this introductory chapter provides the background of the
agent-based theory of mind research described in future chapters. We start by
giving a more detailed explanation of theory of mind and its different orders in
Section 1.1. Section 1.2 continues by contrasting two different perspectives on how
theory of mind can be realized, known as simulation-theory of mind and theory-
theory of mind. Section 1.3 summarizes findings from theory of mind experiments
in humans, and discusses the development of theory of mind in children. The
human ability for higher-order theory of mind is well established, but for other
species, the question is whether they are even capable of reasoning using first-order
theory of mind. Section 1.4 discusses results from experiments with non-human
species. In particular, we discuss the literature concerning the theory of mind
abilities of primates and corvids.

A number of theories point to aspects of the environment that may have been
the main reason for the emergence of higher-order theory of mind in humans.
Section 1.5 gives an overview of these theories and their relation to the agent-
based models of future chapters. Finally, Section 1.7 provides an outline of the
structure of this thesis.

1.1 What is theory of mind?

Theory of mind refers to an individual’s ability to reason about unobservable
mental content of himself and others (Premack & Woodruff, 1978). This ability
is also known as mentalizing, meta-representation (Pylyshyn, 1978), mindreading
(Apperly, 2010), the intentional stance (Dennett, 1987), social cognition or folk
psychology. Although someone without theory of mind can have beliefs, desires,
and intentions concerning the world and others around him, theory of mind allows
him to explicitly represent beliefs, desires, and intentions of others as well. Theory
of mind allows someone to judge the actions of others by their intention rather
than their outcome.

As mentioned before, humans have the ability to use their theory of mind
recursively and reason about the theory of mind abilities of others. One way
to characterize an individual’s theory of mind abilities is therefore the maximum
depth of recursive theory of mind at which he can still reason. In this characteriza-
tion, zero-order theory of mind concerns only world facts, whereas (k+ 1)st-order
theory of mind reasoning models kth-order theory of mind reasoning of an other
agents or oneself. For example, ‘Bob knows that Alice knows that he wrote a
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novel under pseudonym’ is a second-order attribution. In the language of epis-
temic logic (see, for example, Fagin, Halpern, Moses, & Vardi, 1995), this could
be expressed using the formula KBobKAlicep. In this section, we will take a closer
look at these different orders of theory of mind.

An individual without theory of mind abilities is said to be a zero-order theory
of mind agent. Although an individual with zero-order theory of mind cannot
reason about beliefs, desires, and intentions, this does not imply that such an agent
is capable only of simple, uncomplicated behavior. Even without theory of mind,
an individual can exhibit impressive memory skills (Van der Vaart, Verbrugge, &
Hemelrijk, 2012), the ability to learn general rules from observations (Carruthers,
2008), and engage in social interaction (Penn & Povinelli, 2007). However, without
the ability to attribute mental content to others, the individual can only interpret
others as ‘social tools’: highly sophisticated interactive elements that are likely to
produce a certain reaction in response to certain performed actions.

In contrast to a zero-order theory of mind agent, an individual that makes
use of theory of mind can reason about the beliefs, desires, and intentions of
both himself and others. If such an individual does not recognize that others
may have a theory of mind as well, he is said to be a first-order theory of mind
agent. First-order theory of mind allows agents to reason about facts such as
‘Alice believes that the box contains candy’ (Kaq) and use this information to
explain and predict the behavior of Alice. Additionally, first-order theory of mind
is needed to understand that the beliefs of others may be incorrect. This means
that first-order theory of mind is needed to try to deceive someone; although a
zero-order theory of mind agent can try to manipulate the actions of others, a
first-order theory of mind agent can also try to manipulate their beliefs.

An agent that understands that others can have a theory of mind as well makes
use of higher-order theory of mind. A second-order theory of mind (ToM2) agent,
for example, can reason using sentences such as ‘Alice knows that Bob knows
that she wrote a novel under pseudonym’ (KaKbp). Understanding this sentence
requires the reader to reason about an individual named Alice, who uses theory
of mind to attribute knowledge to Bob.

For each additional order of theory of mind k, an agent constructs an ad-
ditional hypothesis and corresponding prediction about the behavior of others.
Importantly, this means that a ToMk agent has k + 1 predictions about the be-
havior of others. A ToMk agent therefore not only suffers the cost of calculating k
recursive steps of belief attribution, but is also confronted with uncertainty about
the order of theory of mind at which other individuals are currently reasoning.

In this section, we have characterized theory of mind agents by the maximum
level of theory of mind at which the agent can still reason. Although many mental
state attributions can be characterized by finitely many steps of recursive theory of
mind, this is not true for common knowledge and common belief, which are needed
to reason about, among others, conventions (Lewis, 1969; Van Ditmarsch, van
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Eijck, & Verbrugge, 2009; Gärdenfors, 2012). Common knowledge is more than
simply knowledge that is shared by a group of individuals. Common knowledge
of some fact requires an agent to know that the fact holds, but also to know that
all other agents know that there is common knowledge of the fact.

In the characterization we have adopted in this section, reasoning using com-
mon knowledge or common belief requires an agent to be able to use an infinite
number of theory of mind steps. That is, for a common belief in the fact ϕ,
agents need to believe the fact ϕ, but also that everyone believes the fact ϕ, that
everyone believes that everyone believes the fact ϕ, and continuing in this fash-
ion ad infinitum1. However, according to the fixed-point approach to common
belief, common belief in some convention is achieved when every agent believes
that there is common belief in the convention. The fixed-point approach allows
agents to reason about common beliefs without reasoning explicitly about beliefs
that are infinitely nested. In the remainder of this thesis, we only consider finite
orders of theory of mind.

1.2 Perspectives on theory of mind

When individuals make use of a theory of mind as described in the previous sec-
tion, they attribute mental states such as beliefs, desires, and intentions to others,
but how these mental states are represented in the human mind has been the sub-
ject of discussion (Davies, 1994). Below, we discuss two of the most prominent
representations of theory of mind, known as theory-theory of mind and simulation-
theory of mind.

According to theory-theory of mind, theory of mind involves the construction
of theories about the presence of abstract and unobservable entities called ‘mental
states’ in other individuals that relate to observable behavior through a system of
coherent rules (Premack & Woodruff, 1978; Gopnik & Wellman, 1992; Stanford
Encyclopedia of Philosophy, 1997a). The way that theory of mind goes beyond
associative learning is that theory of mind is not limited to making predictions
of behavior in previously observed situations. Rather, theory of mind allows an
individual to make predictions even in unfamiliar situations. Moreover, according
to theory-theory of mind, in cases in which empirical evidence does not fit the
theory of mind, such evidence may be even considered to be noise, and be dis-
regarded. This would lead to inaccurate predictions that are typical for limited
use of theory of mind. For example, in one experiment, 3-year-old children were
shown a blue cup which was then placed behind a screen (Flavell, Flavell, Green,
& Moses, 1990). After this, an experimenter entered the room and explicitly said

1Note that this is not the formal definition of common belief. For a complete overview of the
axioms and rules of induction leading to the construction of a common belief, see (Dunin-Kȩplicz
& Verbrugge, 2010, Chapter 2).
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that she could not see the cup, but that she believed the cup to be white. When
the children were asked about the beliefs of the experimenter, the children could
therefore simply repeat the words of the experimenter and report that she thought
the cup was white. Instead, 3-year-old children ignored what the experimenter
had actually said and insisted she would think the cup was blue. According to
theory-theory of mind, this shows that 3-year-old children have a theory about
the world around them that does not allow for false beliefs, and therefore ignore
the empirical evidence to the contrary. Although children eventually adapt their
theories based on new information, they only do this once a generous amount of
evidence exists against their current theory.

Simulation-theory of mind proposes an alternative representation of theory of
mind in humans. Instead of building a theoretical model, simulation-theory holds
that humans use their own mind as a bootstrap to understanding the minds of
others (Stanford Encyclopedia of Philosophy, 1997b). According to simulation-
theory of mind, people model the other’s viewpoint as if it were their own, selecting
the appropriate inputs for their own mind to describe what they believe to be an
accurate representation of the situation faced by the other. By considering this
viewpoint as if it was their own, their mind acts as a simulator for the mind of the
other, and they may predict the actions of the other by interpreting the simulated
mental content generated by their own mind.

Simulation-theory of mind finds support in the discovery of a ‘mirror neuron
system’ (Gallese, Fadiga, Fogassi, & Rizzolatti, 1996; Rizzolatti, Fadiga, Gallese,
& Fogassi, 1996; Rizzolatti, Fogassi, & Gallese, 2001) of brain areas that is re-
cruited both when performing a certain goal-directed action as well as watching
someone else perform a similar action. Similarly, the sight of a facial expression
of disgust activates areas of the brain that are also recruited when experiencing
disgust (Phillips et al., 1997). Interestingly, mirrored empathy-related feelings in
response to seeing someone in pain can be reduced significantly when the observer
considers the person in pain to be unfair or disagreeable (Singer et al., 2006).

The mirror neuron system may indicate that humans indeed use the same
system for both performing and observing an action, thereby understanding an
observed action as if it was performed by themselves. Through this understand-
ing, the mirror neuron system may also play a role in coding the intention of
observed actions (Umiltà et al., 2001; Iacoboni et al., 2005), which in turn may
indicate that humans achieve theory of mind by simulating others in their own
mind. However, the mirror neuron system proves ineffective in determining which
areas are associated with attributing mental states other than intention. Beliefs
and desires, for example, cannot be mirrored unless they are identifiable by a
behavioral process (Goldman, 2009). Moreover, some data suggest a high level of
abstraction in the mirror neuron system, such as certain regions that react to both
hand and mouth movements (Gallese et al., 1996). Such findings have raised con-
cerns on whether the associated region is actually evidence of simulation-theory,
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and whether there may be alternative interpretations of the mirror neuron sys-
tem (Mahon & Caramazza, 2008; Hickok, 2009; Caramazza, Anzellotti, Strnad,
& Lingnau, 2014; Hickok, 2014).

The difference between theory-theory and simulation-theory of mind is that ac-
cording to theory-theory, theory of mind is a syntactic, rule-based system, while
simulation-theory claims theory of mind makes use of simulation to project an
agent’s own mental states onto others. Theory-theory of mind states that hu-
mans have an understanding of the workings of the minds of others in the form
of a rule-based theory. Individuals learn and adapt this theory themselves, giving
them a deep understanding of the governing system of mental states. Simulation-
theory of mind, on the other hand, treats the mind as a ‘black box’. Individuals
predict the mental content of others by selecting the relevant parts of the ob-
servable world that correspond to the situation faced by the other, and simulate
the decision-making process of the other using their own mind as a simulator.
Since individuals use their own mind as a simulator, simulation-theory of mind
predicts that individuals can accurately predict their own mental content for any
hypothetical scenario for which they can accurately represent the inputs for their
mind simulation. For example, individuals would be able to accurately predict
whether they would consider some behavior to be inappropriate.

Brain imaging has identified several brain regions that have been linked to the
use of conscious reflection on mental states of others, such as deciding which gift
would be better suited for a foreign colleague or attributing false beliefs (Saxe,
2005; Amodio & Frith, 2006). However, it remains unknown whether this is caused
by a simulation process or by the use of a rule-based system to predict the mental
states and behavior of others.

Although theory-theory and simulation-theory originally were competing ex-
planations for theory of mind, hybrid approaches have recently received more
attention (Nichols & Stich, 2003; Leslie, Friedman, & German, 2004; Perner &
Kühberger, 2005; Goldman, 2006; Apperly & Butterfill, 2009; Apperly, 2010; Py-
nadath, Rosenbloom, Marsella, & Li, 2013; Heyes & Frith, 2014). Such hybrid
approaches typically separate theory of mind into two systems similar to dual
process theory (Evans, 1984), which includes a fast, automatic, and efficient sys-
tem and a slow, dynamic, and deliberate system. Simulation-theory of mind is
typically represented as the fast and efficient system, which may be implicit and
not under conscious control. Theory-theory of mind, on the other hand, is often
supposed to be achieved through the slow and deliberative process of mental state
attribution, which requires conscious effort.

The existence of two separate systems of mental state attribution finds its
support in several lines of research. In studies into the development of theory of
mind in young children, for example, children show behavior consistent with cor-
rect application of theory of mind before they are able to give verbal answers that
are consistent with theory of mind reasoning. Similarly, experimental evidence
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suggests that adults may have a fast and efficient theory of mind system that is
sensitive to the perspective of others. In Section 1.3, we will discuss these studies
in detail.

In the agent model described in this thesis, theory of mind agents make use
of simulation-theory of mind. A theory of mind agent takes the perspective of
another player, and determines what his own decision would be if the agent had
been in the position faced by that player. Using the implicit assumption that
other players’ thought processes can be accurately modeled by his own thought
process, the agent then predicts that the other player will make the same decision
the agent would have made if the roles were reversed.

1.3 Theory of mind in humans

The previous section outlined how the different orders of theory of mind are
defined. In this section, we discuss some of the experimental evidence for theory of
mind reasoning in humans. In particular, we take a closer look at the development
of theory of mind in children and the limits of theory of mind reasoning of adults.
We also discuss how theory of mind reasoning in strategic games differs from other
domains. Finally, we also consider the insights from a number of computational
cognitive models for theory of mind in humans.

1.3.1 Development of theory of mind reasoning

The ability to reason using first-order theory of mind is typically tested using the
false belief task (Wimmer & Perner, 1983). Passing this task is considered to be
convincing evidence that the participant is able to reason about the knowledge
and ignorance of others. The most common implementation of the false belief
task is through the Sally-Anne test (Baron-Cohen et al., 1985), which is depicted
in Figure 1.1. In this test, the participant is shown how one of the actors, Sally,
places a marble inside a basket, in which the marble is out of sight of all actors
and the participant. Sally then leaves the scene. Next, the second actor, Anne,
moves the marble from the basket into a box. When Sally eventually returns to
the scene, the participant is asked where Sally will look for her marble.

Passing the Sally-Anne task requires a participant to understand that Sally
does not know that the marble is in the box, but mistakenly believes that it is still
in the basket where she put it. The false belief task shows that children develop
the ability to reason using first-order theory of mind between the ages of three
and five (Wimmer & Perner, 1983; Wellman, Cross, & Watson, 2001). However,
even when children in this age range fail to pass the false belief task, experimental
evidence shows that some of these children reliably look towards the correct loca-
tion (Clements & Perner, 1994). Moreover, children that display this anticipatory



C
ha

pt
er

1

8 1.3. Theory of mind in humans

Figure 1.1: The Sally-Anne test depicted here is an example of a false belief task. In it,
participants view a story in which Sally holds a false belief about the location of a marble.
Passing the false belief task, by reporting that Sally would look for her marble in the basket
first, is considered to be convincing evidence for the ability to make use of first-order theory of
mind. Reprinted with permission from Baron-Cohen et al. (1985), artwork by Axel Scheffler.

looking behavior can be trained to pass the false belief task (Clements, Rustin,
& McCallum, 2000; Lohmann & Tomasello, 2003; Hale & Tager-Flusberg, 2003).
This suggests that children may have an implicit understanding of the beliefs of
others before they are able to report on that understanding explicitly (Garnham &
Ruffman, 2001; Ruffman, Garnham, Import, & Connolly, 2001; Wang, Low, Jing,
& Qinghua, 2012). The distinction between implicit and explicit understanding
of false beliefs has been taken as support for a two-systems approach of theory of
mind (see Section 1.2).

Although children below the age of three do not show anticipatory looking
behavior consistent with implicit false belief understanding (Clements & Perner,
1994), infants as young as 15 months old have been claimed to have implicit
knowledge of false beliefs (Onishi & Baillargeon, 2005). In a non-verbal false
belief task, infants watched an adult actor hide a toy in one location, which was
then moved to a second location while the actor was absent. After returning,
the actor reached into one of the two locations. Infants that see the actor reach
into the box that is inconsistent with the actor’s beliefs about the location of the
toy look at the scene longer than infants that see behavior consistent with the
actor’s beliefs. Infant looking behavior in response to a violation of expectation
has since been shown in a wide variety of situations and ages (Surian, Caldi, &
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Sperber, 2007; Träuble, Marinović, & Pauen, 2010; Yott & Poulin-Dubois, 2012;
Kovács, Téglás, & Endress, 2010). However, there is no consensus on whether
or not this constitutes implicit knowledge of false beliefs. Instead, infants may
rely on statistical learning of behavior without attributing mental states to others
(Sabbagh, Benson, & Kuhlmeier, 2013; Ruffman, 2014).

The ability to make use of second-order theory of mind develops a few years
after first-order theory of mind, between the ages of five and nine (Perner &
Wimmer, 1985; Sullivan, Zaitchik, & Tager-Flusberg, 1994; Miller, 2009, 2012),
although children can be trained in their use of second-order theory of mind in
false-belief tasks when they are five years old (Arslan, Verbrugge, Taatgen, &
Hollebrandse, 2014, 2015). At age eleven, children mostly master first-order and
second-order theory of mind, but not higher orders of theory of mind (Liddle &
Nettle, 2006). Adults perform much better than chance for orders of theory of
mind up to fourth-order, which shows that theory of mind abilities continue to
develop in teenage years. Even for adults, however, error rates increase dramati-
cally when participants are asked to reason using orders of theory of mind beyond
the fourth (Kinderman, Dunbar, & Bentall, 1998; Stiller & Dunbar, 2007).

1.3.2 Adult theory of mind reasoning

Although adult participants typically make no errors in second-order false belief
tasks, their use of theory of mind in other settings is generally not without errors.
For example, adult participants often fail to reason about the knowledge of others
in the director game (Keysar, Lin, & Barr, 2003). In this game, a participant
moves around objects in a grid according to the instructions of a director. Cru-
cially, one object is hidden in a bag. The participant knows the content of the
bag, but the director is purported to be misinformed about the content. In the
critical instruction, the director instructs the participant to move an object (e.g. a
tape) that refers to one of the objects in the grid (videotape), but could also refer
to the object in the bag (roll of tape). A significant portion of the participants
fails to apply first-order theory of mind by first trying to move the bag.

In addition, adults that pass the false belief task still suffer from the so-called
curse of knowledge (Birch & Bloom, 2007). That is, adults’ judgments of the
beliefs of others are influenced by their own knowledge of the true state of the
world. In an adjusted false belief task, participants saw a character named Vicki
playing the violin among four colored containers. Participants were told that
Vicki placed her violin in the blue container. While Vicki was absent, a second
character named Denise moved the violin to a new container. After she had done
so, Denise rearranged the containers so that the red container now stood where
the blue container had been originally. When Vicki returned to get her violin,
participants were then asked to judge the probabilities that she would look for
her violin in each of the four containers. Interestingly, participants that were told
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(a) Congruent perspectives (b) Incongruent perspectives

Figure 1.2: In the dot perspective task, participants are faster in confirming that there are two
dots in the scene when an avatar sees the same number of dots (a) than when the avatar sees a
different number of dots (b). Reprinted with permission from Santiesteban et al. (2014).

that Denise had moved the violin to the red container assigned a significantly
higher probability to Vicki looking for her violin there than participants that had
not been told where Denise had left the violin. That is, participants’ judgments
were influenced by their own knowledge of the actual location of the violin.

Results from the director game and the curse of knowledge show that adult
use of theory of mind is neither an automatic nor a flawless process. However,
other experimental evidence suggests that adults are sensitive to the perspective
of others in an involuntary and automatic way. Taken together, these results
support a two-systems interpretation of theory of mind (see Section 1.2). In the
dot perspective task (Samson, Apperly, Braithwaite, Andrews, & Bodley Scott,
2010), participants are first presented with a digit. Immediately after, they see a
picture in which a human-like avatar is standing in a room with dots on the walls
as depicted in Figure 1.2. The results show that participants are slower to confirm
that the digit corresponds to the number of dots in the picture if the avatar is
facing fewer dots (Figure 1.2b) than when th avatar sees the same number of dots
as the participant (Figure 1.2a). That is, the perspective of the avatar seems to
interfere with the participants, even if the participants do not need to take the
perspective of the avatar into account.

Similar results show that participants also experience interference from trian-
gles when they are presented as agents (Zwickel, 2009). While viewing a video of
triangles that move in a goal-directed way (see Abell, Happé, & Frith, 2000), a dot
occasionally appeared on screen to the left or the right of a triangle. The partici-
pant’s task was to report the position of the dot relative to the triangle from their
own perspective. Similar to the results of the dot perspective task, participants
were slower to respond when the perspective of the dot and the participant were
incongruent (i.e., when the triangle was facing down). Crucially, this effect did
not occur when participants saw individual images rather than viewing the video.
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Although these results suggest that adult participants experience interference
from the perspective of other agents, this interference may be caused by some-
thing different than a fast and automatic theory of mind system. According to
alternative submentalizing account (Heyes, 2014), for example, the fast and effi-
cient system described by these experiments does not represent theory of mind,
but a more domain-general skill.

1.3.3 Theory of mind in strategic games

Interestingly, experimental evidence has shown that adults have difficulty apply-
ing theory of mind in strategic games such as the matrix game (Hedden & Zhang,
2002). The matrix game is played by two players over a maximum of three se-
quential moves on a 2-by-2 matrix. The two players alternate in deciding whether
to move one step anti-clockwise or to stop the game. The object of the game is
to stop the game on the cell that has the highest possible personal payoff. To
achieve the best possible outcome, the first player would therefore have to predict
the decision of the second player, which in turn relies on the prediction of what
the second player would predict that the first player would do in the final move.

The results from the matrix game contrast sharply with those from false belief
tasks. At the start of the experiment, only 25% of the adults participants’ answers
correspond to correct use of second-order theory of mind in the first test block.
Over time, this percentage increased to 60-70% at the end of the experiment.
These results suggest that participants do not spontaneously use second-order
theory of mind in strategic games, but adjust their behavior over time. However,
the effect is partially explained by the training phase (Flobbe, Verbrugge, Hen-
driks, & Krämer, 2008). In the training phase of the matrix game, participants
saw games that were selected so that first-order and second-order theory of mind
resulted in the same decision. Participants may therefore have learned to use the
cognitively less demanding first-order theory of mind to play the game during the
training (Flobbe et al., 2008).

In a task logically equivalent to the matrix game, participants were presented
with a concrete setting of driving a car (Flobbe et al., 2008). In this experiment,
items that required second-order reasoning were visually different from those that
required first-order reasoning. In contrast to results from the matrix game, 75%
of adult participants’ answers corresponded to correct application of second-order
theory of mind. These results show that although many adult participants spon-
taneously behave in a way that is consistent with second-order theory of mind
reasoning, their performance is lower than on false belief tasks.

The difficulty of using theory of mind in strategic games is also apparent as a
developmental lag in children. Although results from the false belief task suggests
that children acquire the ability to reason using theory of mind between the ages of
three and five, these children fail to anticipate deceptive behavior of other players
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(a) Zero-order (b) First-order (c) Second-order

Figure 1.3: In the marble drop game, players that control the blue gates aim to make the white
marble drop in the bin with the darkest possible shade of blue marble, while players controlling
the orange gates aim for the darkest possible shade of orange. To make an informed decision at
the first set of trapdoors, a player should make a prediction of player behavior at later trapdoors.
Dashed lines indicate the trapdoors that should be removed to obtain the maximum possible
payoff in these games. Reprinted with permission from Meijering et al. (2012).

in a competitive game (Sher, Koenig, & Rustichini, 2014). Similarly, although
children between the ages of 8 and 10 reliably pass the second-order false belief
task, their performance in strategic games that require second-order theory of
mind reasoning is only slightly better than chance (57%) (Flobbe et al., 2008).

Adult use of theory of mind in strategic games has been extensively investi-
gated in the setting of the marble drop game (Meijering, van Maanen, van Rijn,
& Verbrugge, 2010; Meijering, van Rijn, Taatgen, & Verbrugge, 2011; Meijering
et al., 2012; Meijering, Taatgen, van Rijn, & Verbrugge, 2014; Meijering, 2014),
which is logically equivalent to the matrix game. Figure 1.3 shows a number of
example games with increasing difficulty. The marble drop game is played by two
players, the ‘blue’ player who controls the blue trapdoors and the ‘orange’ player
who controls the orange trapdoors. Each player aims to make the white marble fall
into the bin with the darkest possible shade of his or her own color marble. Similar
to the matrix game, the blue player’s first choice in Figure 1.3c depends on what
the blue player believes that the orange player would do, should the blue player
decide to open the right trapdoor, which in turn depends on what the orange
player believes the blue player would do in case the orange player chooses to open
the rightmost orange trapdoor at the second junction. That is, the blue player
would need to use second-order theory of mind to make an informed decision at
the start of the game.

In the marble drop game, up to 94% of participant responses correspond to
correct application of second-order theory of mind reasoning (Meijering et al.,
2010), depending on procedural properties of the task such as instructions and
training items (Meijering et al., 2011; Meijering, Taatgen, Van Rijn, & Verbrugge,
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2013). Interestingly, participants’ predictions of the behavior of their opponent
were more consistent with the use of second-order theory of mind than their
subsequent decisions. That is, some participants decided in a way that was incon-
sistent with their beliefs about the behavior of their opponent. The main problem
of applying second-order theory of mind in strategic games may therefore be the
integration of second-order theory of mind reasoning into the decision-making
process (Meijering et al., 2011).

The marble drop game has also been used to determine whether the application
of theory of mind requires additional cognitive resources. Experiments with the
marble drop games have also shown that participants take longer and make more
errors when making a decision from the perspective of the other player than
making the same decision from their own perspective (Meijering, 2014, Chapter
3). This shows that theory of mind involves more than simply making a decision
in the perspective of an opponent.

1.3.4 Computational cognitive models
of human theory of mind

The empirical results discussed in the previous sections show that human theory
of mind is a complex skill. Even though infants as young as 15 months old show
looking behavior that is consistent with theory of mind understanding, they are
unable to explicitly reason using this information until the age of three or four.
The ability to reason using higher orders of theory of mind even continues to
develop into teenage years. And although experiments with false belief stories
show that adults can reason at fourth-order theory of mind, other experiments
show that many adult reasoners fail to correctly apply first-order theory of mind
when it is appropriate to do so.

Research has shown that computational cognitive models can provide some
insight in the reasons for the development and variability of human theory of mind
abilities. The Prolog model CRIBB (Wahl & Spada, 2000) simulates the answers
of children in false belief tasks to examine the representational and operational
demands in theory of mind tasks. In this model, children fail the false belief task
due to limited processing capabilities. Although CRIBB does not model why or
how children reach incorrect answers, CRIBB accurately predicts that explaining
the behavior of others is more difficult than predicting the behavior of others
in second-order false belief tasks, but that there is no difference in difficulty in
first-order false belief tasks.

Whereas CRIBB assumes that children fail the false belief task because of lim-
ited processing capabilities, an alternative explanation suggests that young chil-
dren hold incorrect world views. According to the Polyscheme/ToM model (Bello
& Cassimatis, 2006), three-year-old children relate the behavior of others to per-
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ception, while four-year-old children relate the behavior of others to mental states.
Rather than modeling the development of theory of mind, the Polyscheme/ToM
model allows experimenters to determine to what extent children need theory of
mind to successfully pass a task.

The probabilistic programming language Church (Stuhlmüller & Goodman,
2014; Goodman, Mansinghka, Roy, Bonawitz, & Tenenbaum, 2008) also does not
take resource constraints into account. Instead, children’s failure to pass the false
belief task are explained through a lack of experience. False belief reasoning
is realized as rational use and revision of a theory about the world outside the
agent (Goodman et al., 2006). According to this account, young children fail the
false belief task because they hold a simple world view that does not allow for
individual beliefs. Only when enough evidence is accumulated to reject this world
view, the child revises his or her theory to allow for the perspectives of other
agents. The model therefore predicts that given enough experience, two-year-old
children would be able to learn theory of mind reasoning as well.

Arslan, Taatgen, & Verbrugge (2013) implemented a similar idea in ACT-R
(Anderson, 2007), a cognitive architecture that combines symbolic with subsym-
bolic components. Although most cognitive models of theory of mind development
focus on the development of first-order theory of mind, Arslan et al. also include
the acquisition of second-order theory of mind. Agents start out with the simplest
possible world view by reasoning from their own perspective only. As the agent
accumulates evidence that this view is incorrect, it switches to increasingly more
sophisticated world views. As a result, the model predicts that children that pass
the first-order false belief task, but fail the second-order false belief task, will give
an answer that corresponds to the use of first-order theory of mind rather than
answering from their own perspective.

Hiatt & Trafton (2010) combine the ideas that children have limited processing
abilities and limited experience so that in their model of the development of first-
order theory of mind, agents mature and learn simultaneously. The model makes
use of the cognitive architecture ACT-R to learn the correct response to the false
belief task, while an agent’s maturation determines what it can learn. This model
therefore predicts that children can be trained to pass the false belief task, but
only if they have reached the appropriate maturity.

In an attempt to model the transition from implicit to explicit understanding
of false beliefs, Berthiaume, Shultz, & Onishi (2013) model the false belief task
though a neural network. The network encoded the initial location and the final
location of the object, and whether or not the actor has seen the transfer of the
object from its initial location to the final location. When the model was trained
on more true-belief than false-belief examples, it displayed a transition similar to
the one observed in the false belief task. The model initially failed the false belief
task by ignoring the actor’s knowledge and always reporting the final location
of the object. After sufficient training, the model could accurately distinguish
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between true-belief and false-belief situations. However, although the network
successfully replicates developmental data from the false belief task, it is unclear
to what extent the network represents an explicit understanding of mental states
after training (Ruffman, 2014).

Rather than explaining the developmental path of theory of mind understand-
ing, Arslan, Wierda, Taatgen, & Verbrugge (2015) construct a model to determine
to what extent the false belief task relies on complex working memory strategies.
Arslan, Wierda, et al. model two tasks that differ in their demands on working
memory capacity. The pencil task a simple working memory task in which a par-
ticipant only has to count the number of pencils of a given type. The marbles task
is a more complex working memory task in which participants have to determine
whether two bags of marbles contain the same number of marbles of any one color.
Arslan, Wierda, et al. model these two tasks in ACTransfer (Taatgen, 2013), an
extension of ACT-R, to determine whether training on one of these tasks improves
performance on the false belief task. The results show that performance on the
first-order false belief task benefits more from training with the marbles task than
from training with the pencil task. This suggests that completing the false belief
task requires working memory strategies that are more complex than those of the
pencil task.

Pynadath et al. (2013) show how a two systems approach to theory of mind
reasoning can be implemented in the cognitive architecture and system Sigma
(Rosenbloom, 2013). Pynadath et al. show that in Sigma, theory of mind can be
modeled both as a fast, automatic process as well as a slow, deliberative process.
This two systems approach to theory of mind can offer an explanation for some
of the variability of human theory of mind abilities.

In this section, we have discussed some of the experimental evidence and cognitive
models of theory of mind reasoning in humans. In particular, we have looked at
the development of theory of mind reasoning in children as determined by false
belief tasks, the limits of theory of mind reasoning in adults, and the differences
between the false belief task and strategic games in terms of theory of mind
reasoning. In the next section, we will discuss the evidence for theory of mind
reasoning in non-human species.

1.4 Theory of mind in non-human species

The previous section shows that the human ability for theory of mind is well
established, both through verbal false belief tasks as well as strategic games.
However, there is little consensus on whether or not any non-human species can
reason about the mental states of others. One of the main issues in determining
non-human theory of mind is that it is not immediately clear how representations
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of the mental states can be measured through nonverbal means. That is, it is
unclear what kind of behavior an animal should exhibit before it is convincingly
shown that it makes use of theory of mind. Critics of experiments that claim to
show animal theory of mind experimentally state that the observed behavior could
also be the product of simpler cognitive processes, such as associative learning or
stress (Penn & Povinelli, 2007; Carruthers, 2008; Van der Vaart et al., 2012).

Many species have been proposed as possible candidates for theory of mind
abilities. This includes primates (Tomasello, 2009; Schmelz, Call, & Tomasello,
2011; Burkart & Heschl, 2007), but also goats (Kaminski, Call, & Tomasello,
2006), dogs (Call, Bräuer, Kaminski, & Tomasello, 2003), and corvids (Clayton,
Dally, & Emery, 2007; Bugnyar & Heinrich, 2005) have been suggested to be
able to take the perspective of others into account. In this section, we present
behavioral experiments to test the extent of an animal’s ability to make use of
theory of mind. We focus our discussion on two groups of animals, primates and
corvids, and conclude with a discussion on computational models for non-human
theory of mind.

1.4.1 Primates

As the closest relatives to humans, primates, and especially great apes, have been
involved in many experiments with the goal of finding out whether or not non-
human species have the ability to attribute mental states to others or themselves.

In an attempt to show that primates exhibit metacognition, the ability to rea-
son about their own beliefs, Shields, Smith, & Washburn (1997) let chimpanzees
decide whether two blocks on a computer screen had the same pixel density. Sub-
jects were rewarded for correct judgments, but punished for incorrect ones. Sub-
jects also had the option of skipping a trial, which provided no reward or penalty.
After training, rhesus macaques mainly chose the opt-out if the presentation of
the stimulus provided little information on the correct response. Although this
may be due to rhesus macaques reasoning about the accuracy of their own beliefs
using first-order theory of mind (Shields et al., 1997), the monkeys may also have
learned a task-specific response (Metcalfe, 2003; Shettleworth & Sutton, 2003).
A series of increasingly sophisticated experiments with rhesus macaques shows
that the monkeys learn a transferable skill (Hampton, 2001; Son & Kornell, 2005;
Kornell, Son, & Terrace, 2007). Once this skill has been learned, subjects used
the concept of an opt-out in other tasks as well. These results suggest that rhesus
macaques may reason about the accuracy of their beliefs.

However, Carruthers (2008) argues that although the rhesus macaques had
derived a general rule across different tasks, the experiment only shows that these
monkeys have beliefs and desires, but not that they represent these desires and
beliefs explicitly in their mind. The strong desire to obtain the reward motivates
the subject to give a response when it strongly believes that response will yield a



C
hapter

1

1.4. Theory of mind in non-human species 17

reward. However, when its beliefs concerning the correct response are weak, the
desire to avoid penalty would motivate the monkey to choose the opt-out instead.
According to this line of thought, individuals have beliefs at varying degrees of
strength or certainty, but they need not be aware that they do.

To test primates on their ability to reason about false beliefs, several nonverbal
versions of the false belief task have been suggested to test primate theory of
mind. However, primates consistently perform poorly on false belief tasks across
a wide variety of settings. In a cooperative version of the false belief task (Call
& Tomasello, 1999), a reward was hidden in one of two identical containers. An
adult communicator observed the hiding process and marked the container with
the reward with a marker. In the crucial false belief task, the communicator did
not see that the containers were switched between the hiding process and the
marking process. Although five-year-old children were able to pass the nonverbal
false belief task, no ape succeeded.

Because apes typically perform poorly in cooperative contexts, the experi-
ment was repeated in different settings. However, children consistently displayed
an understanding of false beliefs, while apes did not, when they had to compete
with a human adult (Krachun, Carpenter, Call, & Tomasello, 2009), a conspecific
(Kaminski, Call, & Tomasello, 2008), and in a more neutral setting Krachun, Car-
penter, Call, & Tomasello (2010). These results suggest that non-human primates
do not reason about false beliefs, and therefore do not have a complete first-order
theory of mind the way humans have.

To determine the extent of chimpanzee understanding of beliefs held by oth-
ers, Hare, Call, Agnetta, & Tomasello (2000) kept two chimpanzees in separate
chambers on either side of a staging area. From its chamber, the subordinate of
the two chimpanzees could see where food items were hidden, and whether or not
the dominant chimpanzee in the other chamber could see the food as well. When
released, the subordinate would go after the food more often when the dominant
had been unable to see the food being hidden than when the dominant had been
allowed to watch (Hare et al., 2000; Hare, Call, & Tomasello, 2001). These results
suggest that chimpanzees are able to distinguish dominant chimpanzees that are
knowledgeable from those that are ignorant about the food items.

Burkart & Heschl (2007) show similar results when they replicated the ex-
perimental setup with marmoset monkeys. When a subordinate monkey could
see two pieces of food while the dominant only saw one, the subordinate monkey
reliably chose to approach the hidden piece of food. Interestingly, in control trails
in which the dominant monkey saw two pieces of food while the subordinate saw
only one, the dominant monkey did not display a preference for the freely visible
food. That is, dominant monkeys did not make strategic use of their knowledge
of the visual access to food items of the subordinate monkey.

In a set of experiments, Burkart & Heschl report that marmosets’ understand-
ing of barriers is not transferable to new situations (Burkart & Heschl, 2006,
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2007). In their experiment, a board was fitted with six food containers, three on
each side of the board. One of the containers was baited with a food item. To
provide a cue as to where the food was hidden, a human experimenter stood on
one side of the board and looked at the baited container. Although marmosets
are capable of following the gaze of human experimenters and use this as a cue to
find hidden food (Burkart & Heschl, 2006), marmosets failed to take the barrier
into account (Burkart & Heschl, 2007). The monkeys showed a preference for
selecting a container that was in the direction looked at by the experimenter, but
they did not preferentially choose the container on the same side of the board as
the experimenter. That is, although the macaques took the gaze direction of the
experimenter as a cue, they did not take into account that the experimenter could
not look through the board.

Burkart & Heschl conclude that marmoset monkeys do not have a true un-
derstanding of visual access. Rather, subordinate marmosets treat food that a
dominant monkey has looked at as possession of that dominant animal, in the
sense that it is unlikely that the subordinate will be able to obtain the food item
without a fight. As a result, the experiment does not show whether or not subjects
are using a theory of mind.

Chimpanzees typically perform better in competitive tasks than in cooperative
tasks; when the task requires them to compete with others, chimpanzees tend to
show more intelligent behavior and understanding of the task than when the task
is cooperative in nature (Crawford, 1937, 1941; Chalmeau, 1994; Chalmeau &
Gallo, 1995; Hare & Tomasello, 2004). However, social tolerance appears to be
an important factor in cooperation in primates (Melis, Hare, & Tomasello, 2006b;
Hare, Melis, Woods, Hastings, & Wrangham, 2007); partners that are more likely
to share food outside the experimental setup are also more likely to complete a
cooperative task in the laboratory. Under the right conditions, chimpanzees also
show that they understand when collaboration is required to perform a task, as
well as a preference for collaboration partner if such a choice exists (Melis, Hare,
& Tomasello, 2006a).

Melis, Hare, & Tomasello (2009) follow up on this by facing pairs of chim-
panzees with a conflict of interest. A pair of chimpanzees is given a choice of
two cooperative tasks: one of the tasks yields both chimpanzees an equal share
of the reward, while the other provides the chimpanzees with unequal shares of
the reward. Chimpanzees generally succeeded in coordinating on completing one
of the tasks. Although pairs typically cooperated on the unequal shares task in
favor of the dominant animal, the subordinate sometimes succeeded in convincing
the dominant to solve the equal reward task instead. Interestingly, none of the
subjects made any communicative attempt to recruit the other for their preferred
task and instead ‘negotiated’ by waiting for the other to join their efforts.
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1.4.2 Corvids

In addition to primates, corvids have also received a lot of attention in the search
for non-human theory of mind abilities. Especially the food caching behavior of
ravens and scrub jays has been the subject of scientific research. Like most corvids,
ravens and scrub jays save food for later by hiding it under ground. However, this
creates an incentive for individuals to pilfer the caching sites of others rather than
search and hide food for themselves. To protect their food caches, these birds
show a high degree of intelligent behavior when they hide, retrieve and re-hide
caches of food.

For example, ravens that previously stored food selectively retrieved those
caches that they had hidden in the presence of another bird (Bugnyar & Heinrich,
2005) and can discriminate which caches have been seen by different onlookers
(Bugnyar, 2010). Similarly, scrub-jays selectively retrieved and re-cached food
from caches which had been observed by others (Dally, Emery, & Clayton, 2006),
but only when the bird had previously pilfered a cache himself (Clayton et al.,
2007). Corvids also prefer to hide their food far away from others or behind
barriers (Bugnyar & Kotrschal, 2002; Dally et al., 2006), and prefer to hide food
in quiet material rather than noisy material when they can hear other birds (Stulp,
Emery, Verhulst, & Clayton, 2009). This behavior seems to suggest that corvids
take the mental content of others into account (Grodzinski & Clayton, 2010). That
is, it suggests that corvids believe that if they cache food in sight of a competitor,
the competitor knows where the food is hidden and intends to steal it for itself.

Corvids also show signs of active deception. For example, ravens that knew the
location of a hidden food cache delayed pilfering when confronted with the bird
that stored the food. Instead, they engaged in searching behavior in a different
location (Bugnyar & Kotrschal, 2002; Bugnyar & Heinrich, 2006).

Bugnyar & Kotrschal (2004) presented ravens with the challenge to find hidden
food among color-marked clusters of artificial food caches. At the start of the
experiment, a subordinate male found most of the food for himself. In response,
the dominant male began to displace the subordinate from uncovered food caches
to steal the food. The subordinate then employed the strategy of uncovering
caches in clusters of empty caches, luring the dominant away from the rewards.

Seed, Clayton, & Emery (2008) show that rooks show skills in spontaneous
cooperative problem solving similar to chimpanzees, while tolerance between the
partners is of less importance. Unlike chimpanzees, however, Seed et al. report
that rooks fail to recognize that a task requires cooperation. When faced with
a feeding plank that required two individuals to operate, rooks did not wait for
their partner to enter before trying to move the plank. Similarly, when tested
alone, the majority of the subjects did not prefer an apparatus that they could
operate on their own over one that required the help of a partner.
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1.4.3 Computational models of non-human theory of mind

The behavior of primates and corvids described above suggests that these animals
may take some mental content of others into account. Although there is support
for this conclusion (Premack, 2007; Seed & Tomasello, 2010; Byrne & Bates, 2010),
primates and corvids may also rely on behavioral rules that they learned from
previous experience (Penn & Povinelli, 2007; Bugnyar, Stöwe, & Heinrich, 2007;
Lurz, 2009; Shettleworth, 2010; Lurz, Kanet, & Krachun, 2014). For example, if
a scrub jay decides to re-cache a worm, it may do so because it believes some
competitor knows the location of the worm, or because it saw a competitor while
caching the worm (Penn & Povinelli, 2007). In the second case, rather than
attributing mental states to a competitor, the scrub jay reasons solely from its
own experience.

Computational agent-based modeling of animal behavior provides a helpful
tool in testing and interpreting the results of experimental paradigms (Van der
Vaart & Verbrugge, 2008; Van der Vaart & Hemelrijk, 2014; Allen, 2014; Lurz,
2014). Through agent-based modeling, Van der Vaart et al. (2012) demonstrate
that simple behavioral rules can be used to obtain results similar to those found
in corvids. In their model, virtual birds experience stress from finding an empty
cache, as well as the presence of onlookers. This stress results in a desire to cache
more food. This simple mechanism replicated behavior of real scrub jays, which
keep re-caching previously cached food items in the presence of onlookers (Dally,
Emery, & Clayton, 2005) and after the onlooker had been removed (Emery &
Clayton, 2001). The interaction between stress, imperfect memory, and a desire to
cache away from onlookers also explained why scrub jays preferentially re-cached
from locations closer to competitors (Dally et al., 2006).

In this section, we have discussed some of the evidence for theory of mind rea-
soning in non-human species, in particular primates and corvids. Although some
experiments suggest that primates and corvids may consider the mental states
of others, it turns out that sophisticated behavioral learning techniques cannot
be excluded as a possible explanation. There appears to be no clear indication
that any species other than humans is capable of false belief understanding and
reasoning using higher orders of theory of mind.

1.5 The function of theory of mind
and its higher orders

Based on our review of the experimental literature of theory of mind understand-
ing, both empirically and computationally, we find that although humans have
a well-established ability to reason using higher orders of theory of mind, there
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seems to be no other species capable of doing the same. This difference raises
the question of why this cognitively demanding skill emerged for humans. Nat-
ural selection is remarkably ruthless in its efficiency. Costly features that bring
no benefit to a species are often quickly pruned in favor of less costly or more
advantageous features. The evolutionary advantage of the use of theory of mind
should therefore be fairly high, given the cost of maintaining a brain capable of
doing so (Aiello & Wheeler, 1995).

In this section, we discuss several explanations for the human ability for higher-
order theory of mind. Each of these hypotheses can be considered to be a special
case of the social brain hypothesis (Dunbar, 1998a,b), which suggests that the com-
plexity of social life requires social animals to develop larger brains (cf. Humphrey,
1976). Indeed, primate studies show that the size of the neocortex as a proportion
of total brain size grows with many indicators of social complexity, such as group
size (Dunbar, 1992), grooming clique or social network size (Kudo & Dunbar,
2001), and the occurrence of social play (Lewis, 2000). For non-primate species,
brain size correlates with complex social activities such as the forming of longterm
pair bonds (Emery, Seed, von Bayern, & Clayton, 2007; Dunbar & Shultz, 2007;
Dunbar, 2009; Shultz & Dunbar, 2010). We discuss three specializations of the
social brain hypothesis, known as the Machiavellian intelligence hypothesis, the
Vygotskian intelligence hypothesis, and the mixed-motive interaction hypothesis.
Each of these three hypotheses point to specific social settings that would require
individuals to be highly intelligent, and which may therefore have fostered the
evolution of higher-order social cognition in the form of a theory of mind. In later
chapters, we will put these hypotheses to the test using agent-based computational
models.

1.5.1 The Machiavellian intelligence hypothesis

Although living in a social group conveys many possible advantages, such as
reducing the risk of predation and hunting prey cooperatively, living close to
conspecifics also increases direct competition for resources. One hypothesis for the
emergence of theory of mind, the Machiavellian intelligence hypothesis, focuses on
this competitive aspect of living in a social group (Byrne & Whiten, 1988; Whiten
& Byrne, 1997). According to this hypothesis, the main driving force behind social
cognition is Machiavellian intelligence2, which refers to the individual’s ability for
deception and social manipulation (Byrne &Whiten, 1988). In essence, this means
that the individual with the highest social intelligence can deceive and manipulate
with the highest efficiency, while maintaining high reputation and trustworthiness
(Krebs & Dawkins, 1978). Machiavellian intelligence may therefore be a driving

2In the literature, Machiavellian intelligence is also used as a general term for social intel-
ligence. In this work, however, we use the more restrictive term associated with competitive
social intelligence.
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force of social intelligence, as it favors the ones with the highest intelligence while
at the same time being detrimental to the ones with the lowest intelligence.

The concept of intentional deception presumes theory of mind, since an indi-
vidual can only intentionally deceive a competitor if that individual understands
that the competitor has beliefs of its own, and that those beliefs may be incor-
rect. However, although a wide variety of deceptive behavior has been reported in
primates (Byrne & Whiten, 1992) and corvids (Bugnyar & Kotrschal, 2002), this
behavior is not necessarily motivated by theory of mind. Rather, this behavior
may be a product of associative learning (Penn & Povinelli, 2007; Dickinson, 2012;
Heyes, 2012). An individual may simply optimize the expected outcome given its
beliefs about the behavior of the competitor, without forming any beliefs about
the competitor’s goals of beliefs. For example, young children tell lies before they
develop theory of mind (Evans & Lee, 2013). It is therefore more likely that these
children are trying to avoid punishment by saying something they know to be
false rather than intentionally trying to deceive someone. Whether intentional
deception is common, or whether most activities that are interpreted as deception
are merely actions that have been learned to be successful, is therefore an open
question.

We take a closer look at the Machiavellian intelligence hypothesis in Chapter 2,
in which we determine the effectiveness of using increasingly higher orders of
theory of mind in competitive settings through agent-based models.

1.5.2 The Vygotskian intelligence hypothesis

Instead of focusing on competitive advantages, the Vygotskian intelligence hy-
pothesis (Vygotsky, 1978; Moll & Tomasello, 2007; Herrmann, Call, Hernandez-
Lloreda, Hare, & Tomasello, 2007) emphasizes the cooperative aspects of intel-
ligence. According to the Vygotskian intelligence hypothesis, cooperative social
interactions play a crucial role in the development of human cognitive skills such
as theory of mind. For example, human children learn and shape their cognitive
abilities through social interaction with others, as well as with the artifacts and
symbols others created for communal use (Vygotsky, 1978).

Although the Vygotskian intelligence hypothesis suggests that theory of mind
is necessary in some cooperative settings, simulation studies have shown that many
forms of cooperation can evolve using simple mechanisms (Boyd & Richerson,
1992; Boyd, Gintis, Bowles, & Richerson, 2003; Nowak, 2006; Sigmund, 2010; De
Weerd & Verbrugge, 2011; Gärdenfors, 2012; Van der Post, de Weerd, Verbrugge,
& Hemelrijk, 2013; Van der Post, Verbrugge, & Hemelrijk, 2015). Many animals
are known to engage in cooperative interactions without relying on higher-order
theory of mind (Dugatkin, 1997). For example, vampire bats are known to en-
gage in reciprocal food sharing (Wilkinson, 1984), and studies have even revealed
cooperation in microorganisms (Crespi, 2001) in the form of cooperative foraging,
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dispersal, and building of shelter. Even highly organized and complex coopera-
tive behavior such as cooperative hunting by lions (Stander, 1992), wolves, and
chimpanzees (Boesch & Boesch, 1989; Boesch, 1994) can be described using fixed
roles that rely on simple cues, without the need to construct joint intentions. For
example, Muro, Escobedo, Spector, & Coppinger (2011) show that through the
combination of approaching prey and avoiding other predators, predator agents
can successfully hunt cooperatively.

Higher-order theory of mind may still benefit social cooperation by allow-
ing for shared intentionality (Tomasello, Carpenter, Call, Behne, & Moll, 2005;
Tomasello, 2009). This means that the participants of the social cooperation task
share a commitment to the goal of the task, and coordinate their actions under the
assumption that their partners are coordinating their actions towards the group
as well3 (Bratman, 1992; Dunin-Kȩplicz & Verbrugge, 2010; Gärdenfors, 2012).
Unlike cooperative hunting in animals, shared intentionality implies that each of
the participants knows the role each of their partners is intending to fulfill, and
believes each of their partners to be committed to the same goal. Higher-order
theory of mind may therefore allow individuals to achieve levels of cooperation
beyond those that are achieved by individuals that are unable to reason about
the minds of others, and that are therefore unable to construct shared goals and
joint intentions (Tomasello, 2009; Tomasello & Moll, 2010).

The effectiveness of higher-order theory of mind in social cooperation is the
subject of Chapter 4. In this chapter, we examine how theory of mind can help
computational agents setting up communication in a cooperative game.

1.5.3 The mixed-motive interaction hypothesis

A third hypothesis that specifically concerns higher-order theory of mind states
that higher orders of theory of mind may be needed for mixed-motive interactions
(Verbrugge, 2009). Such mixed-motive interactions involve both cooperative and
competitive elements, such as in negotiations or crisis management (Verbrugge,
2009; Van Santen, Jonker, & Wijngaards, 2009). Individuals interacting in the
setting of a mixed-motive situation cooperate with each other by searching for out-
comes that are mutually beneficial. At the same time, these individuals compete
with each other to reach a mutually beneficial outcome that benefits themselves
as much as possible.

Mixed-motive interactions can be understood as the task of sharing a pie
(Raiffa, Richardson, & Metcalfe, 2002). When individuals cooperate, they find
ways to enlarge the pie they are sharing, while they also compete to obtain as
large a piece of pie as possible for themselves. Theory of mind allows individuals

3For the computational complexity of joint intentions, see Dziubiński, Verbrugge, & Dunin-
Kȩplicz (2007).
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to reason explicitly about the goals and beliefs of others. This ability may be
crucial for an individual to balance cooperative and competitive goals in order
to successfully negotiate a larger pie to share, which includes a larger piece of
pie for the individual himself. For example, agents may make use of strategic
misrepresentation, exaggerating the value of what is lost to them while minimizing
the importance of what is gained to make the negotiation partner believe the deal
is reaching a point in which the agent prefers no deal at all (see also Raiffa, 1982).

In this sense, mixed-motive interaction involves tactical deception of a higher
degree than in the case of direct competition. Deception in strictly competitive
settings typically involves hiding information from a competitor, thereby causing
the competitor to hold a false belief about the state of the world. In mixed-motive
situations such as negotiations, tactical deception involves hiding beliefs, causing
the competitor to hold false beliefs about the agent’s beliefs. In the latter case,
the agent needs to make use of second-order theory of mind to intentionally hide
its beliefs from others.

Chapter 5 and Chapter 6 of this thesis are dedicated to the advantage of rea-
soning using higher order theory of mind in mixed-motive settings. In particular,
we determine to what extent higher orders of theory of mind helps agents to reach
better outcomes in negotiation games.

1.5.4 Summary:
Hypotheses for higher-order theory of mind

In this section, we have discussed three specializations of the social brain hypoth-
esis. Each of these hypotheses points to a different aspect of social life as the main
source of social complexity that would require a degree of social intelligence that
is high enough to support the emergence of higher-order theory of mind.

• According to the Machiavellian intelligence hypothesis, the need for theory of
mind can be explained by the increased direct competition associated with
living in groups. Higher-order theory of mind in this case allows individuals
to use tactical deception as a means of gaining an evolutionary advantage over
others.
• The Vygotskian intelligence hypothesis places the emphasis on social coopera-

tion and argues that living in larger groups allows for large-scale cooperative
efforts. Higher-order theory of mind would then be needed to coordinate a
shared intentionality towards a goal.
• The mixed-motive interaction hypothesis states that higher-order social cog-

nition is needed to deal with situations that involve both cooperation and
competition, such as negotiations. Higher-order theory of mind may help to
balance these cooperative and competitive aspects.
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1.6 Agent-based computational
models of interaction

In the previous section, we discussed a number of hypotheses that aim to explain
the function of higher-order theory of mind. In this thesis, we put these hypotheses
to the test by constructing an agent-based computational model of theory of mind
reasoning and determining under what conditions these agents benefit most from
reasoning at higher orders of theory of mind. To this end, we make use of a
computational simulation technique known as agent-based modeling.

Agent-based modeling involves the investigation of interactions between agents,
which are more or less autonomous entities that act and interact based on their
perception of their local situation and history. The interaction between individual
agents can lead to the emergence of interesting and unexpected group dynamics.
Agent-based modeling can help to formulate hypotheses of how higher-level be-
havior can be the result of lower-level interactions and inform how experiments
can be set up to test these hypotheses (Nowak & May, 1992; Axelrod, 1997; Ep-
stein, 1999, 2006; Macy & Willer, 2002; Gilbert & Troitzsch, 2005; Gilbert, 2007).
Additionally, by explicitly modeling differences among individual agents, agent-
based models can represent systems that are more complex than those captured
in manageable systems of equations.

Agent-based modeling has proven its usefulness as a research tool to investigate
how behavioral patterns may emerge from the interactions between individuals.
Among others, agent-based models have been used to explain fighting in crowds
(Jager, Popping, & van de Sande, 2001), trust in negotiations (Harbers, Ver-
brugge, Sierra, & Debenham, 2008), the emergence of agriculture (Van der Vaart,
de Boer, Hankel, & Verheij, 2006), the evolution of cooperation and punishment
(Gintis, 2000; Boyd et al., 2003; De Weerd & Verbrugge, 2011), and the evolu-
tion of language (Cangelosi & Parisi, 2001; De Boer, 2001; Slingerland, Mulder,
van der Vaart, & Verbrugge, 2009; Verbrugge, 2009).

Although agent-based models typically make use of cognitively simple agents
to show that complex behavior can emerge from the interaction between indi-
vidual agents, there has been an increasing interest in cognitively more sophis-
ticated agents in recent years (Helmhout, 2006; Wijermans, Jager, Jorna, & van
Vliet, 2008; Van der Vaart et al., 2012; Dykstra, Elsenbroich, Jager, Renardel de
Lavalette, & Verbrugge, 2013). The theory of mind agents we model in this thesis
are of this cognitively more sophisticated type. These agents have a more so-
phisticated view of their world, similar to the cognitive models that are used to
investigate human theory of mind (see Section 1.3.4). Unlike these cognitive mod-
els, however, we also take the influence of other agents into account by modeling
the interactions among agents explicitly.

The use of computational agent-based models has a number of advantages over
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other techniques. Unlike human or animal participants, for example, the ‘cogni-
tive’ abilities of agent-based models can be precisely controlled and monitored.
This includes controlling the degree to which agents can make use of higher or-
ders of theory of mind. In experiments with simulated computational agents in
a concrete game setting, we can determine the extent to which individuals make
use of higher-order theory of mind to obtain an advantage over competitors that
are more restricted in their use of theory of mind. By varying game settings, we
can identify settings in which the advantage for higher-order theory of mind is
especially large. Settings in which the advantage for higher-order theory of mind
reasoning is particularly high are more likely to have contributed to the emergence
of the human ability for higher-order theory of mind. Additionally, such settings
also identify the conditions under which autonomous computational agents may
benefit from reasoning about the mental content of others. In particular, this may
include situations in which computational agents interact with humans.

1.7 Outline of the thesis

As we explained in this introductory chapter, in social situations, humans often
reason about the goal and beliefs of others. This theory of mind can help to
interpret and understand why others have taken certain actions in the past, but
also to predict what actions others may perform in the future. When someone
makes use of theory of mind to reason about the way others make use of theory
of mind, this person is said to engage in higher-order theory of mind. Empirical
evidence suggests that human participants are even capable of reasoning using
higher-order theory of mind as well (see Section 1.3), even though application of
this skill is not always flawless. In contrast, there is no clear evidence that other
species make use of first-order theory of mind to the same degree as humans do, let
alone that these species make use of higher orders of theory of mind. Chimpanzees,
for example, fail to show an understanding of the beliefs and goals of others in a
way that approaches human-like mental state understanding (Section 1.4).

To explain why humans are the only species to make use of higher-order the-
ory of mind, three specializations of the social brain hypothesis point to specific
scenarios in which the ability to make use of higher-order theory of mind is partic-
ularly useful, and which could therefore have contributed to the emergence of this
cognitively demanding skill in humans (Section 1.5). According to the Machiavel-
lian intelligence hypothesis, for example, individuals that reason at higher orders
of theory of mind are likely to do better in competitive settings. On the other
hand, the Vygotskian intelligence hypothesis predicts that higher-order theory of
mind allows more efficient cooperation among individuals, while the mixed-motive
interactions hypothesis states that higher-order theory of mind is needed in situ-
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ations that involve both cooperative and competitive elements and are therefore
neither fully cooperative nor fully competitive.

In the following chapters, we construct an agent-based model of theory of mind
reasoning to put these hypotheses to the test. By simulating interactions between
agents that differ in their ability to make use of theory of mind, we can determine
to what extent individuals can benefit from the use of higher orders of theory of
mind across different types of scenarios. The use of computational agents allows
us to control the extent to which individual agents can make use of higher orders
of theory of mind, but also to monitor how and when agents use this ability to
their advantage.

The first part of this thesis comprises Chapter 2 and Chapter 3, and is devoted
to testing the Machiavellian intelligence hypothesis. We investigate the competi-
tive advantage of using higher orders of theory of mind in a variety of competitive
settings, which includes repeated one-shot games such as rock-paper-scissors, as
well as sequential games such as limited bidding. In addition, we use our theory
of mind agents to determine whether the behavior of human participants in com-
petitive games is more consistent with higher-order theory of mind reasoning, or
whether participants are better described as lower order reasoners.

In the second part of this thesis, comprising Chapter 4, we move on to test the
Vygotskian intelligence hypothesis, and investigate to what extent higher-order
theory of mind allows computational agents to cooperate more efficiently. We
consider a purely cooperative game known as the Tacit Communication Game.
In this setting, human participants demonstrate high levels of cooperation, even
when they have no experience with the game and are paired with unfamiliar
partners.

In the third part of this thesis, comprising Chapter 5, Chapter 6, and Chap-
ter 7 we test the mixed-motive interactions hypothesis using two variations of the
Colored Trails setting. The first variation involves one-shot negotiations, in which
agents only have one opportunity to convince their trading partner to agree to
a trade. The second variation involves a dynamic environment in which agents
alternate in making offers to their trading partner until they reach an agreement.
In this second setting, we also let human participants interact directly with theory
of mind agents to determine to what extent human participants actually make use
of higher-order theory of mind when negotiating with computational agents.

Once we have considered these three different possible explanations for the
emergence of higher-order theory of mind separately, we return to our initial
question concerning the function of higher-order theory of mind. In Chapter 8
and Chapter 9, we discuss related work, summarize the benefits of higher-order
theory of mind in each different setting, and discuss whether these benefits can
convincingly explain the emergence of higher-order theory of mind in humans.
Finally, we discuss what questions are left unanswered, and provide an outlook to
ways in which these questions may be resolved.
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