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7.1 Introduction
Among the many impressive cognitive endowments of the human species, our physical intelligence and
our social intelligence are two of the most essential for our success. Human physical intelligence uses
intuitive theories of the physical laws of the world to maintain accurate representations of the state of the
environment; analogously, human social intelligence uses folk–psychological theories to reason about
other agents’ state of mind. For example, to drive safely we must reason about the acceleration and
deceleration of massive objects (physical intelligence), but more subtly, we must reason about the state
of mind of other drivers (social intelligence). Consider the situation in Figure 7.1, in which an oncoming
car is approaching an intersection with its left turn signal on. To safely pass through this intersection in
the opposite direction, a driver must quickly judge whether the driver of the oncoming car knows he is
there. If yes, he can safely proceed through the intersection without slowing; if not, he should slow down
to avoid a collision as the other car turns left in front of him. That these judgments go beyond simple,
programmatic rules of thumb (e.g., “use caution at two-way intersections when oncoming car signals
left”) is evident from the flexibility with which they apply. If eye contact is made with the oncoming
driver, one can be more certain that she will wait; if there is glare on the windshield, the opposite is the
case. Other contexts engage analogous cognitive processes; for example, there is always the risk that
an oncoming car will turn left without signaling, which is more likely when the driver is on the phone,
when visibility is poor, at intersections where left turns are prohibited and so on.

These kinds of nuanced, context-sensitive inferences are ubiquitous in human social intelligence, but
virtually absent from even the most advanced artificial intelligence (AI) and robotic systems. To return
to our driving example, the recent successes in self-driving cars [127], though impressive, are more the
result of advances in machine vision and AI planning than social intelligence; even the most advanced,
lifelike robots cannot reason about the beliefs, desires, and intentions of other agents. Machines lack
a theory of mind (ToM): the intuitive grasp that humans have of our own and other people’s mental
states—how they are structured, how they relate to the world, and how they cause behavior. Humans
understand that others use their observations to maintain accurate representations of the state and struc-
ture of the world; that they have desires for the world to be a certain way; and that these mental states
guide their actions in predictable ways, favoring the means most likely to achieve their desires according
to their beliefs.

An influential view among developmental psychologists and philosophers is that ToM is constructed
around an intuitive causal schema, sketched in Figure 7.1(b), in which beliefs and desires generate
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FIGURE 7.1

Commonsense theory of mind reasoning. (a) Safely crossing an intersection opposite a car signaling left
requires us to represent the other driver’s beliefs about the situation: Does the driver of the oncoming car
believe the way is clear? (b) Causal schema for ToM. Traditional accounts of ToM (e.g., Dennett [38], Wellman
[136], and Gopnik and Meltzoff [57]) have proposed informal versions of this schema, characterizing the
content and causal relations of ToM in commonsense terms; e.g., “seeing is believing” for the principle of
rational belief, or “get what you desire” for the principle of rational action.

actions via abstract causal laws [57,137,138,91]. These causal models allow us to perform mental
simulations of others’ situation-dependent thought processes and actions, and also to reason backward
to infer what others are thinking, given their behavior. A growing body of evidence has shown that
simple forms of these representations are present even in young infants, who by 6 months of age have
the capacity to attribute goals or desires on the basis of others’ reaching movements [142], or to infer
whether one agent intends to help or hinder another based on their actions and the context in which
they are performed [63]. These abilities rapidly increase in sophistication; by as early as 10 months of
age, infants represent agents’ beliefs and use them to predict their behavior [90,99] and attribute goals
to agents who act rationally in pursuit of those goals, but not to agents who act irrationally [50,35].

Based on this evidence, Gergely et al. [50] have proposed that infants’ precocious social reasoning
abilities rely on an early-emerging version of the “intentional stance” [38]: the assumption that agents
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will have sensible beliefs about the world and their situation, and will act rationally to achieve their
desires; these functional relationships are illustrated by the “principle of rational belief” and “principle
of rational action” boxes in Figure 7.1(b), respectively. Although this perspective provides a unifying
account of the developmental data, its insights are restricted to qualitative phenomena—it does not
explain quantitative variation in human reasoning as a function of actions, situations, or prior expecta-
tions of plausible mental states. Furthermore, generating empirical predictions from nonformal accounts
involves introspecting on our own intuitive psychological knowledge—a circular reliance on the very
intuitions theories of ToM must ultimately explain.

To go beyond these limitations, we propose to “reverse-engineer” the core representations and mech-
anisms of human ToM using cognitively inspired computational modeling. This allows us to test com-
peting hypotheses about the nature of human ToM by comparing the ability of computational models
defined over different knowledge representations—different priors over the kinds of mental states and
the relations among them—to quantitatively fit human judgments into controlled behavioral experi-
ments. We ground our modeling within the large body of research on plan, activity, and intent recogni-
tion (PAIR) to highlight its potential to scale to real-world action understanding problems of the kind
that solve humans effortlessly, an essential property that computational theories of human ToM must
capture.

Our proposed framework, called Bayesian theory of mind (BToM), formalizes ToM as a theory-
based Bayesian model [126]. BToM formalizes the core principles of human ToM proposed by classic
accounts—that others’ behavior is generated by approximately rational belief- and desire1-dependent
planning—in terms of maximization of expected gains and minimization of expected losses within
partially observable Markov decision processes (POMDPs) [76]. This casts ToM as a kind of “intuitive
economics”—a folk analog of utility theory used for understanding everyday behavior. Importantly,
this does not assume that humans necessarily plan or act rationally in all circumstances. Rather, we
tacitly expect others to behave rationally (or approximately so) in particular situations, and perform
“explanation by rationalization” by attributing the mental states that make their behavior appear the
most rational within the present context. For a given situational context, these principles are applied by
running an approximate planning mechanism, which takes the situation and the agents’ hypothesized
beliefs and desires as input and produces a probability distribution over actions as output. Today, many
off-the-shelf software packages are available that can provide this planning mechanism within BToM
for modestly sized problems.

Our knowledge of others’ mental states is fundamentally uncertain, both due to the inability to observe
them directly and due to the unpredictability of how someone with a particular mental state will behave;
many different mental states could produce the same action, and the same mental state could produce
many different actions. The probabilistic, causal models generated by the planning mechanism within
BToM capture these properties, supporting prediction of agents’ noisy behavior, given their beliefs and
desires, but also the reverse—“inverting” models of planning to perform causal inference of beliefs
and desires, given observed behavior. We express “inverse planning” as a Bayesian inference, scoring

1These are the so-called “propositional attitudes” central to classic discussions of ToM and “folk–psychology” (e.g., see
Wimmer and Perner [140], Dennett [38] and Churchland [30]). This chapter focuses on beliefs and desires; in general, ToM
may encompass a broader class of mental states (e.g., including emotions), although the extent to which the propositional
content of these may be reducible to beliefs and desires is debatable (e.g., see Searle [117]).
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candidate belief–desire hypotheses by the probability they could have generated the observed behavior,
weighted by the prior.

These probabilistic inferences are inspired by techniques long employed within the PAIR literature;
however, PAIR research has primarily focused on inference of “motivational” states (e.g., desires, goals,
intentions or plans), rather than “epistemic” states (e.g., beliefs or knowledge). Traditionally, PAIR mod-
els also have not embedded probabilistic representations of behavior within top-down theories of rational
planning, though this is now changing in the field [103,107,108,40,39] and in the work we describe here.
These aspects of BToM are inspired by classic philosophical and psychological accounts of human ToM.
Explicit representation of a theory of utility–theoretic planning is the key to integrating these two sources
of inspiration, and highlights the inextricable coupling of belief and desire attributions—expected util-
ity is a function of both beliefs and desires, with beliefs modulating the degree to which different
desires influence any particular decision. In most situations, other agents’ beliefs are only partially
known (as in our driving example), but when inferred jointly with desires, they can often be plainly
determined.

We describe an experimental paradigm designed to evoke quantitatively varying judgments in sit-
uations that reflect the naturalistic contexts in which ToM is commonly used. For this, we created a
“foraging” scenario in which observers (human subjects and computational models) are given a birds-
eye view of individual agents walking around a campus environment to eat lunch at one of several “food
trucks” (see Figure 7.2). Agents can desire to eat at particular trucks, but be uncertain about the trucks’
locations, requiring careful consideration of where to walk based on these desires and beliefs. Over a
number of trials, the task is to infer the agent’s degree of desire for each truck and belief about each
truck’s location, based on observing a single trajectory. This induces a rich set of joint attributions, rang-
ing from totally uncertain beliefs and ambivalent desires to sharply peaked beliefs and strongly ordered

Frame 15Frame 5

Frame 10

FIGURE 7.2

Example experimental scenario. The small sprite represents the location of the agent and the black trail
with arrows superimposed records the agent’s movement history. Two shaded cells in opposite corners of the
environment represent spots where trucks can park and each contains a different truck. The shaded area of
each frame represents the area that is outside of the agent’s current view. This figure shows actual frames
from an experimental stimulus. (For color version of this figure, the reader is referred to the online version
of this chapter.)
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desires. We analyze the output of BToM, as well as several alternative models, when given the same
time-series input presented to human subjects, then compare the fit of each model to the human data.
Accurately predicting people’s judgments across all conditions is a challenging task, and it provides a
strong basis for identifying the best model of human ToM knowledge and reasoning.

The remainder of this chapter is organized as follows. First, Section 7.2 begins with an informal
description of the BToM framework to convey the main intuitions behind our modeling, expressed in
terms of the food-truck domain of our experiments for clarity. We then provide the formal, mathematical
details of BToM. We also formulate several alternative models as simplified versions of the full belief–
desire inference model; these serve to test the level of representational complexity necessary to capture
human ToM reasoning. We then relate our models to proposals from the large literature on PAIR, and
discuss the connections between AI and psychology that have been made within this field. Section 7.3
describes a domain and methodology for testing computational models of ToM behaviorally, showing
the output of our models over a selection of key scenarios, then comparing these predictions with human
behavioral judgments. Section 7.4 describes several extensions of the BToM modeling and experiments
presented here to give a sense of the generality of our approach. We also discuss limitations of the
framework, and open questions for future research to address. Section 7.5 summarizes our main findings
and contributions to PAIR, AI, and cognitive science.

7.2 Computational Framework
Bayesian theory of mind (BToM) is a theory-based Bayesian (TBB) framework [126], which models
the structured knowledge of human ToM at multiple levels of abstraction, representing the ontology
and principles of the theory at an abstract level and mapping these concepts to particular domains
and contexts to generate specific predictions and inferences. The TBB approach divides the world into
domain-specific theories, with each theory applying its own set of abstract principles to organize the
phenomena within its domain. Often these principles consist of sophisticated mechanisms or models,
analogous to the principles posited by scientific theories, e.g., a physics engine for intuitive physical
reasoning [65], genetic and ecological networks for intuitive biology [120], or rational planning for
intuitive psychology [8,130,6]). Theories bridge different levels of abstraction, applying their mecha-
nisms within a specific context (e.g., running a physical simulation that takes the present scene as input)
and grounding the output of these mechanisms in the observed data (i.e., establishing the meaning and
referents of the theory). TBB analysis has been applied in Cognitive Science [126,59,80] to formulate
“rational” [4], “computational-level” [92] or “ideal-observer” [48,81] models of human cognition. This
approach can be used to evaluate how closely human judgments approach the ideal Bayesian infer-
ences, but it can also serve to identify which structured representations best explain human judgments
under hypothetically unbounded computational resources. Here, we study the representational content
of ToM, aiming to show that human inferences closely approach the Bayesian ideal under plausible
representational assumptions.

7.2.1 Informal Sketch
BToM represents an observer using a theory of mind to understand the actions of an individual agent
within some environmental context. This corresponds to the setting of “keyhole plan recognition” [31]
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in the PAIR literature. For concreteness, we use as a running example a simple spatial context (e.g., a
college campus or urban landscape) defined by buildings and perceptually distinct objects, with agents’
actions corresponding to movement, although in general BToM can be defined over arbitrary state and
action spaces (e.g., a card game where the state describes players’ hands and actions include draw or
fold). Figure 7.2 shows an example condition from our behavioral experiment. The world is characterized
by the campus size, the location and size of buildings, and the location of several different goal objects,
here food trucks. The agent is a hungry graduate student leaving his office and walking around campus
in search of satisfying lunch food. There are three trucks that visit campus: Korean (K), Lebanese (L)
and Mexican (M), but only two parking spots where trucks are allowed to park, indicated in Figure 7.2
by the shaded cells in which K and L are parked. The area of the environment that is not visible from
the student’s location is shaded in gray.

Given the information provided by the context, the state space for planning is constructed by enumer-
ating the set of all possible configurations of the dynamic aspects of the world. In our spatial contexts,
we decompose the state representation into the world state, which represents the location of all dynamic
objects (here, arrangement of trucks in parking spaces), and the agent state, which specifies the objec-
tive, physical properties of the agent (e.g., its current location in space, which is assumed to occupy a
discrete grid in our experiment). The action space represents the set of actions available to the agent,
and the state-transition distribution is constructed to capture the (possibly stochastic) effects of these
actions on the world and agent state. In a spatial domain, the actions consist of moving in a particular
direction (e.g., North, South, East, West). The state-transition distribution represents the movement that
results from attempting these actions from each state, integrating the spatial relations, (e.g., adjacency),
and constraints (e.g., walls or obstacles) defined by the environment. Here we assume for simplicity
that the world state remains constant across each observed episode.

The observation space represents the set of possible sensory signals an agent can receive, and the
observation distribution expresses the observations generated by each state. In a spatial setting, observa-
tions depend on the agent’s 360-degree field of view, illustrated by the unshaded regions in Figure 7.2. As
an example, in Frames 5 and 15, the agent can observe that K is in the Southwest parking spot but cannot
see which truck is in the Northeast parking spot; only in Frame 10 does the observation uniquely identify
the world as containing K in the Southwest parking spot and L in the Northeast parking spot. To capture
the possibility of failing to see a truck that is actually there, we assume that with a small probability, an
agent can mistakenly observe a spot to be empty. This captures the inference, for example, in Figure 7.2
that the agent really did want L but didn’t notice that the truck was in fact parked in the Northeast spot.

The hallmark of ToM is an awareness that others have representational mental states that can differ
from our own. The representations we have described so far are assumed to be shared by both the agent
and the observer, but the BToM observer also maintains representations of the agent’s representational
mental states—beliefs about the agent’s beliefs and desires. The content of the agent’s desire consists
of objects or events in the world. The agent’s degree of desire is represented in terms of the subjective
reward received for taking actions in certain states (e.g., acting to attain a goal while in close proximity
to the goal object). The agent can also act to change its own position (or the state of the world) at a
certain cost (e.g., navigating to reach a goal may incur a small cost at each step). Like desires, beliefs
are defined by both their content and the strength or degree with which they are held. The content of a
belief is a representation corresponding to a possible world. For instance, if the agent is unsure about the
location of a particular object, its belief contents are worlds in which the object is in different locations.
The agent’s degree of belief reflects the subjective probability it assigns to each possible world.
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The principles governing the relation between the world and the agent’s beliefs, desires, and actions
can be naturally expressed within partially observable Markov decision processes (POMDPs) [76].
POMDPs capture the causal relationship between beliefs and the world using the principle of rational
belief, which formalizes how the agent’s belief is affected by observations in terms of Bayesian belief
updating. Given an observation, the agent updates its degree of belief in a particular world based on the
likelihood of receiving that observation in that world. POMDPs represent how beliefs and desires cause
actions using the principle of rational action, or rational planning. Intuitively, rational POMDP planning
provides a predictive model of an agent optimizing the trade-off between exploring the environment to
discover the greatest rewards and exploiting known rewards to minimize costs incurred.

On observing an agent’s behavior within an environment, the beliefs and desires that caused the agent
to generate this behavior are inferred using Bayesian inference. The observer maintains a hypothesis
space of joint beliefs and desires, which represent the agent’s initial beliefs about the world state and
the agent’s static desires for different goals. For each hypothesis, the observer evaluates the likelihood
of generating the observed behavior given the hypothesized belief and desire. The observer integrates
this likelihood with the prior over mental states to infer the agent’s joint belief and desire.

As an example of how this works, consider the scenario shown in Figure 7.2. At first, the agent can
only see where K, but not L, is parked. Because he can see K, he knows that the spot behind the building
either holds L, M, or is empty. By Frame 10, the agent has passed K, indicating that he either wants L
or M (or both) and believes that the desired truck is likely to be behind the building—or else he would
have gone straight to K under the principle of rational action. After Frame 10, the agent discovers that
L is behind the building and turns back to K. Obviously, the agent desires K more than L, but more
subtly, it also seems likely that he wants M more than either K or L; this attribution is made without
explicit observation of the choice for M–even without M being present in the scene. BToM captures
this inference by resolving the desire for L or M over K in favor of M after the agent rejects L. In other
words, BToM infers the best explanation for the observed behavior—the only consistent desire that
could lead the agent to act the way he did.

7.2.2 Formal Modeling
This section provides mathematical details of the BToM framework sketched previously; this can be
skipped by the casual reader. First, we describe the construction of the state space, action space, state-
transition distribution, observation space, and observation distribution used for POMDP planning. We
then derive the formation and dynamics of the BToM representation of agents’ beliefs and desires.
Finally, we derive the Bayesian computations that support joint belief and desire inference, then explain
how model predictions are generated for our experiment.

In the food-truck domain, the agent occupies a discrete state space S of points in a 2D grid. The
world state space W is the set of possible assignments of the K, L, and M trucks to parking spots
(consisting of 13 configurations in total). For simplicity, we assume that the world is static (i.e., that the
locations of the trucks do not change over the course of a episode), although the extension to dynamic
worlds is straigntforward (e.g., allowing trucks to arrive, depart, or move). The action space A includes
actions North, South, East, West, Stay, and Eat. The state-transition distribution P(st | st−1, at−1, w)

represents the conditional probability of transitioning to agent state st ∈ S at time t , given the world
w ∈ W , the agent state st−1 ∈ S, and action at−1 ∈ A at time t − 1. Valid movement actions are
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assumed to yield their intended transition with probability 1 − ε and to do nothing otherwise; invalid
actions (e.g., moving into walls) have no effect on the state. The Eat action is assumed to lead to a
special “Finished” state if selected when the agent is at the location of a food truck and to have no effect
on the state otherwise.

The agent’s visual observations are represented by the isovist from its present location: a polygonal
region containing all points of the environment within a 360-degree field of view [36,94]. Example
isovists from different locations in one environment are shown in Figure 7.2. The observation distribution
P(ot | st , w) is constructed by first computing the isovist for every agent and world state pair in
(s, w) ∈ S ×W . Then, for each agent state s ∈ S, the isovists for all worlds w ∈W are compared to
establish which sets of worlds are perceptually distinguishable from that agent state. In the food-truck
domain, worlds are distinguished by the locations of the food trucks.

We assume that the probability of observing which truck is in a parking spot is proportional to the area
of that grid cell contained within the isovist. We model observation noise with the simple assumption that
with probability ν, the agent can fail to notice a truck’s presence in a parking spot, mistakenly observing
the symbol that “nothing” is there instead. From a given agent state, all perceptually distinguishable
worlds are assumed to generate different observation symbols; worlds that are indistinguishable will
emit the same observation symbol. For example, in Figure 7.2, Frames 5 and 15, the observation symbol
will be consistent with only worlds containing the Korean truck in the Southwest parking spot and either
the Lebanese truck, Mexican truck, or nothing in the Northeast parking spot. The observation symbol
in Frame 10 will uniquely identify the state of the world.

Students are assumed to know their own location s ∈ S (and the location of all buildings and parking
spots) but can be uncertain about the state of the worldw ∈W (i.e., the truck locations); technically, this
induces a particular kind of POMDP called a mixed-observability MDP [98]. The observer represents
the agent’s belief as a probability distribution over W; for w ∈ W, B(w) denotes the agent’s degree
of belief that w is the true world state. In the food-truck domain, B represents students’ beliefs about
which trucks are where. As agents receive observations, they are assumed to perform Bayesian belief
updating to integrate bt−1(w), the probability their belief assigns to world w at time t − 1 with two
likelihood functions2: P(st | st−1, at−1, w), the probability of making the observed transition from st−1
to st given action at−1 in world w; and P(ot | st , w), the likelihood of generating observation ot , given
the agent state St and world w:

bt (w) ∝ P(ot | st , w)P(st | st−1, at−1, w)bt−1(w). (7.1)

From the agent’s perspective, given ot and st , the belief update at time t is a deterministic function of the
prior belief bt−1, the action at−1, and the previous agent state st−1. As a shorthand for this deterministic
computation, we write:

bt ← BeliefUpdate(ot , st , st−1, at−1, bt−1). (7.2)

BToM assumes that agents’ desires are defined over classes of states, actions and “events” (state
transitions), and that each desire has an associated “degree” or strength. In the food-truck domain,

2The first of these is necessary to capture belief updating on the basis of worlds with different dynamics. For example, suppose
the agent is at a parking spot, and believes a truck to be there. If the agent does not transition to the “Finished” state on choosing
the “Eat” action, it can instantly deduce that no truck is there, even without receiving the corresponding observation signal
(assuming “Finished” state transitions are deterministic when trucks are present).
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agents’ desires correspond to eating at one of several food trucks, but their degree of desire for each
truck is unknown. Within the POMDP model, eating events are represented as state transitions from
a truck location to the “Finished” state. The degree of desire for each truck is embedded within the
agent’s reward function R(st , st−1, w, at−1), where st = “Finished”, st−1 is the location of a truck in
world w, and at−1 = “Eat”. This reward represents the subjective utility the agent receives for eating
at the truck located at st−1. The reward function also represents the costs (negative rewards) the agent
incurs for movement actions, which are each assumed to have a cost of 1. Once the student has eaten
(i.e., transitioned to the absorbing “Finished” state), all rewards and costs cease, implying that rational
agents should optimize the trade-off between the distance traveled versus the reward obtained, choosing
which truck to visit based on its desirability, the probability that it will be present, and the total cost to
reach its location.

The representations defined so far provide the input to the POMDP planning mechanism of BToM.
The output of the POMDP solver is the value function V (b, s), where b is the agent’s |W |-dimensional
belief vector and s is an agent state. Given V , the agent’s policy is computed, which represents the
probability distribution over the agent’s actions, given its beliefs and location. First, the lookahead
state–action value function [70] QL A(b, s, a) is computed to integrate the expected immediate cost of
action a with the expected discounted future value of taking that action:

QL A(b, s, a) =
∑
w

b(w)
∑

s′
P(s′ | s, w, a)

×
(

R(s′, s, w, a)+ γ
∑

o

P(o | s′, w)V (BeliefUpdate(o, s′, s, a, b), s′)
)

(7.3)

The agent’s policy P(a | b, s) is assumed to stochastically maximize the lookahead state–action value
function using the softmax function:

P(a | b, s) ∝ exp (βQL A(b, s, a)) (7.4)

Theβ parameter establishes the degree of determinism with which the agent executes its policy, capturing
the intuition that agents tend to, but do not always, follow the optimal policy.

A wealth of algorithms and off-the-shelf solvers are applicable to the (relatively simple) POMDPs
of our food-truck domain. Because many of the probabilistic computations involved in solving these
POMDPs are shared with the inferential component of BToM, we implement one of the simplest
approximate POMDP solvers, based on discretizing the real-valued belief space with a set of belief
points drawn from a regular grid, and applying the value iteration algorithm to these points [88]. The
value of arbitrary beliefs is then obtained by linearly interpolating between the values at the neighboring
grid points; this provides a piecewise-linear upper bound to the optimal value function.

Together, the state-transition distribution and the agent’s policy, belief updating function, and obser-
vation distribution comprise the BToM observer’s predictive model of the agent’s behavior and mental
states. These representations are composed to form the structured probabilistic model in Figure 7.3,
which takes the form of a dynamic Bayesian network (DBN) described by Murphy [95]. The most
basic computation the DBN model supports is forward-sampling: given initial belief b0, desire d, world
state w, and agent state s1, drawing samples from the joint distribution over all variables in the network
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B0 ∼ BeliefPrior(α)

D0 ∼ DesirePrior()

Wt ← Wt−1

St ∼ P (·|St−1, At−1, Wt−1 )

Ot ∼ P (·|St, Wt, ν)

Bt ← BeliefUpdate(Ot, St, St−1, At−1, Bt−1)

Dt ← Dt−1

At ∼ P (·|Bt, Dt, St, β)

FIGURE 7.3

Observer’s grounding of the theory as a dynamic Bayes net. Variables in the DBN are abbreviated by their first
letter, the “∼” symbol denotes “is distributed as,” and the “←” symbol denotes deterministic assignment.
The DBN encodes the observer’s joint distribution over an agent’s beliefs B1:T and desires D1:T over time,
given the agent’s physical state sequence s1:T in world w . For simplicity, we assume that the world W and
the agent’s desire D remain constant over the course of an episode.

involves sequentially sampling from the conditional distributions in Figure 7.3. This is the process by
which the BToM observer assumes an agent’s trajectory to have been generated, only with initial beliefs
b0 and desires d that are unknown to the observer and must be inferred.

Bayesian inference of an agent’s beliefs b0:t and desires d, given its observed trajectory s1:t in
world w, requires prior probability distributions over the agent’s initial beliefs and desires to be spec-
ified. To tractably represent these priors over the multidimensional, continuous space of beliefs, we
discretize the belief simplex�|W |−1 using the Freudenthal triangulation [88] of resolutionμ to generate
m(0) = (|W |−1+μ

|W |−1

)
initial belief points b1:m(0)

0 . Each initial belief point bi
0 is assigned prior probability

proportional to the density of BeliefPrior(α) at bi
0, assumed to be a |W |-dimensional symmetric

Dirichlet distribution with parameter α. Similarly, in our scenarios, the agent’s actions depend on its
desires for the three different food trucks, and we generate a regular 3D grid with resolution η to rep-
resent n = η3 hypotheses d1:n about the agent’s joint desires for each truck. For simplicity, we assume
a uniform prior over the space of desires, denoted DesirePrior ().

Given the agent’s state sequence s1:T in worldw, reasoning about the agent’s beliefs and desires over
time is performed using the belief-propagation algorithm, a standard approach to inference in DBNs.
For clarity, we describe belief–desire inference in BToM by analogy to the forward–backward algorithm
for inference in hidden Markov models (HMMs) [105], a well-known special case of belief propagation.
At each timestep, given the set of belief points b1:m(t−1)

t−1 at the previous timestep, a new set of m(t)

belief points, b1:m(t)
t is generated by applying the BeliefUpdate () function to each pair of possible

actions and observations (at−1, ot ) ∈ A×O of the agent. To determine the probability of transitioning
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from each b j
t−1 to each bi

t (given desire hypothesis dk), we compute a belief- and desire-transition
matrix Zi

t , summing over all actions at−1 and observations ot that could yield the transition:

Zi jk
t =

∑
at−1,ot

P(ot | st )P(st | st−1, at−1)P(at−1 | b j
t−1, st−1, dk)

×δ(bi
t ,BeliefUpdate(ot , st , st−1, at−1, b j

t−1)), (7.5)

where the δ-function equals 1 when bi
t = BeliefUpdate(ot , st , st−1, at−1, b j

t−1) and 0 otherwise. This

ensures that only prior beliefs b j
t−1, observations ot , and actions at−1 that produce the belief update bi

t
enter into the summation.

As in HMMs, an online estimate of the state of the system—in this case, the beliefs and desires that
constitute the agent’s mental state—is given by the forward distribution:

P(bi
t , dk | s1:t , w) ∝

∑
j=1:m(t−1)

Zi jk
t · P(b j

t−1, dk | s1:t−1, w). (7.6)

This provides the marginal posterior distribution over the agent’s beliefs and desires, given all the
information provided by the agent’s trajectory up to time t . The recursive matrix multiplication in
Eq. 7.6 resembles the filtering computation within HMMs, but with a nonstationary, context-dependent
transition matrix defined over two jointly distributed variables. It is also related to the algorithm for
filtering over infinitely nested beliefs proposed by Zettlemoyer et al. [146]; here, we consider a special
case with only one agent, but extend their algorithm to jointly infer desires in addition to beliefs.

Next, we define the backward distribution, which recursively propagates information backward in
time to give the marginal likelihood of the agent’s future trajectory up to time T , given its mental state
at some past time point t :

P(st+1:T | bi
t , dk, w) ∝

∑
i=1:m(t+1)

Z jik
t+1 · P(st+2:T | b j

t+1, dk, w). (7.7)

Together, the forward and backward distributions allow us to compute the joint posterior marginal over
the agent’s beliefs and desires at time t , given the state sequence up until T ≥ t . This is given by the
product of the forward and backward distributions, called the smoothing distribution:

P(bi
t , dk | s1:T , w) = P(bi

t , dk | s1:t , w)P(st+1:T | bi
t , dk, w). (7.8)

This computation is analogous to the forward–backward algorithm in HMMs. Equation 7.8 provides the
basis for model predictions of people’s joint desire and retrospective belief inferences in our experiment.

7.2.3 Alternative Models
To test whether the full representational capacity of BToM is necessary to understand people’s mental
state attributions, we formulate two alternative models as special cases of our joint inference model.
Each alternative model “lesions” a central component of the full model’s representation of beliefs, and
tests whether it is possible to explain people’s inferences about agents’ desires in our experiment without
appeal to a full-fledged ToM.
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Our first alternative model is called TrueBelief. This model assumes that the true world state is
fully observable to the agent, implying that the agent has true beliefs about the location of every
truck and plans to go directly to the truck that will provide the maximum reward while incurring the
least cost. Technically, TrueBelief uses an MDP generative model of the agent’s behavior, instead
of the more complex, more computationally intensive POMDP model used by BToM. We formulate
the TrueBelief model by modifying the agent’s beliefs (i.e., the BeliefPrior () distribution and
BeliefUpdate () function) to assign probability 1 to the true world state w:

BTrueBelief
t (w)← 1 (7.9)

We hypothesized that TrueBelief would correlate moderately well with people’s desire judgments
because of the statistical association between desired objects and actions. In addition, if people’s belief
attributions are highly influenced by the true state of the world in each condition, their belief judgments
should correlate strongly with the TrueBelief model predictions.

Our second alternative model is called NoObs. In this model, the agent’s initial belief about the
world state is generated from the BeliefPrior(α) distribution in the same manner as in BToM
(see Figure 7.3), but the BeliefUpdate () function is modified so that the initially sampled belief
remains fixed throughout the trial (as if the agent was “blindfolded,” or otherwise unable to observe the
world state):

BNoObs
t ← BNoObs

t−1 (7.10)

We hypothesized that this model might fit people’s belief and desire inferences in situations where the
agent appears to move toward the same truck throughout the entire trial, but that for actions that require
belief updating or exploration to explain, for instance, when the agent begins by exploring the world, then
changes direction based on observation of the world state (e.g., Figure 7.2), NoObs would be a poor fit.

7.2.4 AI and ToM
The long association between psychology and PAIR research in AI provides important touchstones for
our work. From the perspective of this chapter, the key threads running through research on understand-
ing agents and actions in philosophy, psychology, linguistics, and AI are:

1. Modeling others as intentional agents with representational mental states such as beliefs and desires
2. Framing PAIR as a problem of probabilistic inference over generative models of behavior.

Both of these assumptions are fundamental to our work here.
An explicit connection with “commonsense psychology” was made by the earliest literature on plan

recognition [111,113,139], which arose from multiple fertile collaborations between AI and social psy-
chology researchers. Plan recognition also became an important component within models of pragmatics
and discourse understanding in linguistics [102,3,60,86,32]. Inspired by speech-act theory [5,116] and
Gricean pragmatics [58], these approaches assume that speakers have a representation of listeners’
knowledge, beliefs, desires, and intentions (expressed in modal or first-order logic), and use these
representations to plan utterances to influence interlocutors’ mental states and behavior [33].3

3Analyses based on sophisticated notions of common knowledge described by Lewis [84] and Fagin et al. [42] and joint
intention described by Searle [118] and Grosz and Sidner [61], are outside of the scope of this chapter.
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Classical accounts of plan recognition were motivated conceptually in terms of reasoning about
intentional action—the first key thread identified above—but in practice inference in these models
typically involved heuristic, rule-based reasoning about the speaker’s beliefs, desires, intentions, and
planning process [111,102,3]. Although general algorithmic approaches to inference about classical
planning agents were later developed by Kautz and Allen [79,78], logical approaches to plan recognition
remained limited by the difficulty of capturing naturalistic behaviors in purely logical terms, and by the
inability of logical inferences to capture the gradedness and ambiguity inherent in human mental state
attributions.

A subsequent generation of models picked up the second key thread, formulating PAIR as a problem
of probabilistic inference over context-dependent, generative models of actions [27,2,53,104,20,47].
However, unlike the previous generation of plan-recognition approaches, these models do not explicitly
employ planning algorithms to generate models of agents’ actions. Instead, they either assume that
probability distributions over intention- or goal-dependent actions are specified a priori [27,53,104,20,
47], or that they are learned from a corpus of previously observed behavior [2]. Given observed actions,
the plan, goal, or intention most likely to have generated them can be inferred using Bayes’ rule.

Recent approaches have also applied discriminative probabilistic models to PAIR [85,131], directly
learning the structure and parameters of the conditional distribution over activities and goals, given
behavioral observations. These probabilistic PAIR techniques perform graded inferences, and given
sufficient data, they can learn the appropriate probability distributions over real-world behavior. They
can also achieve generalization to new contexts and activities using abstract, structured representations of
environments, actions, and goals. However, without explicit representations of intent- or goal-directed
planning—the purposeful, adaptive processes captured by classic accounts of PAIR—these models’
generalization beyond the realm of previous experience is fundamentally limited.

Recent work across a number of fields has begun to tie together the two key threads running through
previous PAIR research. Within the field of economics, the seminal “Bayesian games” framework of
Harsanyi [67–69] and research in behavioral economics and behavioral game theory [122,72,21,22]
have modeled the degree to which people represent and reason about other players’ types, encompassing
information about their utility functions, knowledge, and strategic reasoning processes. Research in the
fields of multiagent systems and human–computer interaction has also explored these issues [52,93,
44,51,45,40], modeling agents’ recursive reasoning about each others’ utility functions, strategies,
and plans and recently framing these representations in terms of ToM [103,121,39]. Although these
approaches focus on the need for recursive representations of intentional agents in interactive contexts
(rather than on PAIR per se), the probabilistic inferences over models of intentional agents’ planning
they perform integrate the key threads of both classic and probabilistic PAIR models.

Within the field of machine learning, Ng and Russell [97] formulated the problem of inferring an
agent’s utility function to explain its behavior in terms of “inverse reinforcement learning” (IRL; also
see Chajewska and Koller [25]). Reinforcement learning describes the problem facing an agent figuring
out how to act to maximize reward in an unknown environment [124]. Inverse reinforcement learning
is the opposite problem: given data on how an agent behaves, determine the unknown reward function
it is maximizing. In recent years, IRL (also known as “inverse optimal control”) has seen increas-
ing interest in Machine Learning, yielding an expanding number of theoretical and applied results
[26,1,106,96,41,147,135,28].
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In the field of cognitive science, a rapidly growing body of research, complementing game–theoretic
and IRL-based approaches to PAIR, has suggested that human judgments about intentional agents’ men-
tal states (i.e., goals, intentions, preferences, desires) can be modeled as probabilistic inverse planning, or
inverse decision making–Bayesian inferences over predictive models of rational, intentional behavior
[9,133,54,10,7,143,8,55,89,130,16,144,125,74,75,73,123]. Closely related to, but preceding these
approaches, models of motor control have been applied to capture the understanding and imitation of
physical movement [141,100,109]. Recent research has also begun to develop probabilistic versions of
the ideas from pragmatics and discourse understanding previously discussed in similar terms [43,56],
and similar models of intentional communication have been effective in modeling pedagogy as well
[119].4

An array of alternative approaches to modeling ToM have been proposed in cognitive science as
well. Logical frameworks analogous to classical PAIR models have been formulated in terms of rule-
based schemas [112,115,134], and more recently expressed in the cognitive architecture Polyscheme
[23] to capture the dynamics of cognitive processing during ToM reasoning [14,15,13,12]. Accounts
analogous to discriminative probabilistic models have been expressed both as connectionist models
[132,17], and in terms of low-level motion cue-based action categorization [18,11,145]. Elsewhere, we
have compared the ability of heuristic or cue-based versus inverse-planning accounts to quantitatively
fit human judgments [7,8,130,73], arguing that models of planning, rather than simple heuristics or
low-level cues, are core mental representations of ToM.

7.3 Comparing the Model to Human Judgments
Given the diverse range of AI and cognitive models relating to human ToM, how can we evaluate these
models, both in terms of their quantitative fit to human behavior, and in terms of their real-world practi-
cality and performance? Here we describe a range of scenarios, set within our food-truck domain, that
can be presented to both human subjects and computational models. These scenarios systematically vary
the observed actions, the environmental constraints, the truck locations, and the costs incurred for exe-
cuting a particular trajectory. This establishes a natural setting for ToM reasoning, involving agents with
varying beliefs and desires, whose actions depend on these factors as well as the structure of environment.

As illustrated earlier in Figure 7.2, these food-truck scenarios can be presented to human subjects
as animated 2D displays of agents navigating through simple “grid-world” contexts. In Figure 7.2, the
agent and trucks’ locations are marked by small sprites, buildings are marked by black grid squares,
and potential parking spaces are marked by shaded grid squares. These details determine the agent’s
line-of-sight visibility, which is illustrated by the unshaded region of space surrounding the agent. Sim-
ilar 2D animations have been shown to evoke strong impressions of agency and intentionality in infant
[50,64] and adult [71,128,129] observers, and have been employed in several computational studies of
human-action understanding [8] and social goal inference [18,130]. They are also known to recruit brain
regions that have been implicated in the perception of animacy and biological motion [114,24,83,46].

People’s intuitive judgments on viewing these animated stimuli can be elicited behaviorally using
psychophysical methods. In the food-truck context, people can report their desire attributions by rating

4These frameworks depart from the keyhole plan-recognition setting considered here, instead performing intended plan
recognition.
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how much the student liked each truck, and their belief attributions by retrospectively rating the student’s
degree of belief in each possible world—Lebanese truck (L), Mexican truck (M), or nothing (N) parked in
the Northeast spot—before they set off along their path, based on the information from their subsequently
observed trajectory. Both kinds of ratings can be expressed using a 7-point Likert scales.

Applying BToM to our food-truck scenarios requires specifying a number of settings and parameters.
We select resolutions μ, η = 7 for discretizing the belief and desire spaces, respectively. This directly
corresponds to the 7-point psychological scale for human ratings, providing sufficient resolution to
represent the joint probabilistic dependencies between beliefs and desires and allowing inference to
be performed relatively tractably. The range of reward values is calibrated to the spatial scale of our
environments, taking values−20, 0, …, 100 to represent desires ranging from aversion, to ambivalence,
to a strong desire for each truck. These desires trade off against the relative cost of movements, assumed
to be equal to 1 for each step, with 15 steps required to cross the environment from East–West and 5
steps required to cross from South–North.

Model predictions are based on the student’s expected reward value for each truck (K, L, M) and
the expected degree of belief in each possible world (L, M, N) for each trial, where the expectation
is taken over the posterior marginal distribution in Eq. 7.8. Two free parameters are fit for the BToM
model: β, which specifies the agent’s degree of determinism in selecting the best action, and ν, which
specifies the agent’s level of observation noise. Only the determinism parameter β is relevant for the
TrueBelief and NoObs models and is set for them as well. Parameter fits are not meant to be precise;
we report the best values found among several drawn from a coarse grid. The remaining parameters,
α, the Dirichlet hyperparameter for the BeliefPrior(α) distribution, and ε, the movement noise in
the state-transition distribution, are set to default values: α = 0 to produce a uniform prior over beliefs,
and ε = 0.01 to reflect a very small probability of the agent’s intended movements failing.

Next, we provide a detailed demonstration of some of the rich dynamical inferences made by BToM,
using the food-truck scenario shown in Figure 7.2. Initially, the agent can see that the Korean (K) truck
is in the Southwest parking spot, but the Northeast parking spot is not visible from its location—it may
believe that either the Lebanese (L) truck, the Mexican (M) truck, or Nothing (N) is parked there, or be
uncertain which of these possibilities is the case. At first, the agent heads in the direction of the Korean
truck, which is also the shortest route to reach the Northeast parking spot or to see what is there. The
agent then passes the Korean truck, rounds the corner to see the Northeast parking spot, sees that the
Lebanese truck is parked there, and turns back to eat at the Korean truck.

Over the course of this simple scenario, BToM performs a range of nuanced, but intuitive, types
of temporal inferences, all of which can be expressed as different queries over Eq. 7.8. Figure 7.4
plots examples of several of these types of mental state reasoning over time. The most straightforward
inferences are those about an agent’s current mental state, given its actions up to the present time,
referred to as online inferences. For example, the annotated stimulus in Figure 7.4(a) illustrates online
inference of the agent’s mental state at time 10, given its movements up to that point. More conceptually
challenging are retrospective inferences, shown in Figure 7.4(b), which are about the agent’s beliefs at
some past moment, given its trajectory prior and subsequent to that moment. The annotated stimulus in
Figure 7.4(b) depicts retrospective inference of the agent’s initial mental state at time 1, given its full
trajectory up to Step 15, once it has arrived at K.

BToM’s online desire and belief inferences plotted in Figure 7.4(a) correspond closely to the intuitive
mentalistic description of the scenario given in Section 7.2.1. The model initially infers that the agent
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(a) (b)

FIGURE 7.4

Online and retrospective desire and belief inferences in BToM. In each stimulus panel, the marked path up
to the position of the agent indicates the portion of the trajectory observed: in (a), up to t = 10; in (b), up
to t = 15. The arrow in each stimulus panel indicates the point in time at which the agent’s mental state is
queried: in (a) at t = 10; in (b) at t = 1. For each plot of the model inferences, the arrows along the X axis
indicate the timestep shown in the annotated example stimulus. (a) Online inference of the agent’s desires
and beliefs, given its partial trajectory. (b) Retrospective inference of the agent’s desires and beliefs at each
frame, given its entire trajectory.

desires K, L, and M equally, and believes that L, M, or N are equally likely to be in the Northeast parking
spot. Gradually, BToM infers that the agent desires L and M over K and desires L and M equally. The
model also gradually infers that the agent believes that either L or M is more likely to be in the Northeast
parking spot than N. By Frame 10, the inferred desire for L or M over K has strengthened after the
agent passes K. Once the agent gains line-of-sight visual access to the Northeast parking spot, the model
strongly infers that the agent’s belief resolves toward L—the true state of the world. At Frame 11, the
agent pauses in the same position for one timestep, which causes the model’s desire attributions for M
and L to begin to diverge; by Frame 12, the agent’s full desire ordering has been inferred: M is desired
over K and both M and K are desired over L.
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These online inferences are intuitive and demonstrate the potential for ToM reasoning to go beyond
the data given, but the retrospective inferences made by BToM go further still. BToM retrospectively
explains the agent’s entire trajectory by inferring the agent’s full sequence of mental states—its desires
and beliefs at each point in time, how they caused its actions, and how they were affected by its
observations. Earlier in Figure 7.4(b), BToM retrospectively attributes that the agent had a strong false
belief before Frame 10 that M was in the Northeast parking spot. Contrast this with the online inference,
shown in Figure 7.4(a), which infers the agent’s belief at each frame based only on the information
available up to that point, and thus cannot distinguish whether the agent believes L or M to be more
likely. After frame 10, the online and retrospective inferences match—because the agent has observed
the Northeast parking spot, both models attribute the true belief that L is there, and no further changes
occur. BToM retrospectively attributes an intense desire for M, a weak desire for K, and almost no
desire for L. Note that the retrospective desire inference matches the online inference in Figure 7.4(a)
at the last timestep because both reflect the agent’s entire movement history, and the inferred desire is
assumed to be constant over the agent’s trajectory.

So far we have shown that BToM makes rich, intuitive predictions about the patterns of mental
state inferences induced by our food-truck scenarios. Now we test how accurately these predictions, as
well as those of our alternative models, fit human behavioral judgments. Figure 7.5 presents revealing
comparisons of human judgments with model predictions in several specific cases. Example A compares
behavioral and modeling results for our running example scenario introduced in Figure 7.2, and analyzed
with BToM in Figure 7.4. For both desire and belief inferences, people’s judgments in Condition A
closely match the predictions of BToM but not those of the two alternative models. In this condition,
both humans and BToM infer that the agent desires M most, K second most, and L least, while NoObs
and TrueBelief incorrectly infer that K is most strongly desired because, superficially, it is the agent’s
eventual destination. Humans and BToM attribute the false belief to the agent that M is most likely to
be in the Northeast parking spot, which (necessarily) differs from the TrueBelief inference, but also that
of NoObs, which makes no specific prediction in this case.

Further examples of the close correspondence between human judgments and BToM predictions are
shown in Conditions B, C, and D of Figure 7.5. The simplest example is Condition B in which the
agent moves directly to K without first checking the contents of the Northeast parking spot. People
and all models correctly attribute a strong desire for K, and infer that L and M are probably desired
equally. BToM and NoObs match people’s judgment that the agent’s belief is ambiguous between all
possible worlds because the strong desire inferred for K renders this belief irrelevant to the agent’s
behavior.

In Condition C, the agent’s path initially overlaps with that of Condition A, but once the Northeast
parking spot is in view, the agent continues onward to reach the L truck. Here, humans, BToM, and
TrueBelief infer that L is desired most, M second most, and K least. BToM also predicts people’s belief
attributions, with L being most likely, M second most likely, and N least likely. However, NoObs does
not distinguish between L or M for either desires or beliefs. The explanation for the maximal desire and
belief ratings for L is straightforward, but the systematically elevated desire and belief ratings for M are
more subtle and interesting. For these ratings, BToM infers that the agent may have desired both L and
M over K, and initially believed M to be in the Northeast parking spot. Indeed, this hypothesis could
also explain the observed trajectory, but the evidence for it is weak and indirect, which is reflected in
the relatively weaker ratings for M than L.
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FIGURE 7.5

Four representative conditions from the experiment, illustrating experimental stimuli, and corresponding
mean human desire and belief judgments alongside BToM, NoObs, and TrueBelief model predictions. Desire
attributions were performed for trucks K, L, or M, rated on a scale of 1 to 7, and belief attributions were
made about the agents’ initial beliefs about the contents of the Northeast parking spot—either truck L or
M or no truck (N)—rated on a 1 to 7 scale, and normalized to a probability scale from 0 to 1. Error bars
show standard error (n = 16). Solid brackets indicate differences between pairs of human ratings that were
predicted by the model. The bracket in example Condition A between L and N indicates the sole difference
that the model did not predict.

Condition D is similar to Condition A but with an empty Northeast parking spot. As in Condition A,
only BToM predicts the pattern of people’s inferences for desires and beliefs. Here, it is ambiguous
whether the agent most desires L or M, or which one it believes to be present, and people’s judgments
reflect this, with their desire ratings for L and M greater than for K, and their belief ratings for L and
M greater than for N. In this case, NoObs and TrueBelief make desire attributions that are identical to
those made in Condition A because both are unable to reason about the role of the agent’s beliefs and
observations in determining its behavior.

Finally, we analyze the overall quantitative fit between people’s judgments and our three models. Over
54 conditions in total, BToM predicted people’s judgments about agents’ desires closely (r = 0.86), and
less well, but still reasonably for judgments about agents’ initial beliefs (r = 0.72). NoObs and TrueBe-
lief fit substantially worse than BToM for desire judgments (r = 0.58 and r = 0.69, respectively), sug-
gesting that joint reasoning over desires and beliefs is essential for explaining people’s desire attributions.
The NoObs model can in principle infer agents’ beliefs but without a theory of how beliefs are updated
from observations, it must posit highly implausible initial beliefs that correlate poorly with subjects’
judgments over the whole set of experimental conditions (r = 0.39). TrueBelief’s belief predictions
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are based on the actual state of the world in each trial; the poor correlation with people’s judgments
(r = 0.12) demonstrates that they did not simply refer to the true world state in their belief attributions.

7.4 Discussion
This chapter described a model of human theory of mind inspired by techniques in plan, activity, and
intent recognition and artificial intelligence. We argued that the central representations of ToM can be
understood as intuitive versions of the formal models of intelligent agents developed by AI researchers
and economists, supporting rich, context-sensitive simulations of the thoughts and plans of others. Our
Bayesian ToM model formulated reasoning about others’ mental states as probabilistic inference over
these intuitive models, yielding rich attributions of beliefs and desires from sparsely observed behavior.
To test these models, we proposed an approach to rigorously evaluating computational models of ToM
against fine-grained human judgments, which showed a strong quantitative correspondence between
BToM and human inferences.

Although this chapter has focused on reasoning about the activities of individual agents within simple
spatial situations, in related work we have extended our models to multiagent situations involving
competitive or cooperative interactions, e.g., chasing and fleeing [7] or helping and hindering [130,62].
In these domains, our generative models of agents’ interactive behavior take the form of Markov games
[87] (see Gmytrasiewicz and Doshi [51] and Doshi et al. [39] (this book) for related multiagent planning
formalisms). Inference is performed over agents’ social goals, beliefs, and other mental states using
Bayesian computations similar to those described in this chapter. For example, Figure 7.6 compares
human inferences with theory- and heuristic-based model inferences of whether each of two agents is
“chasing” or “fleeing” the other across three simple environmental contexts. At a coarse level, people’s
judgments are sensitive to the agents’ relative movements (i.e., “toward” or “away” from the other
agent), which both the theory- and heuristic-based models capture, but they also exhibit fine-grained
variation as a function of the environment, which only the theory-based model is able to explain by
reasoning about the agents’ context- and goal-dependent planning.

Generally speaking, AI models of (approximately) rational planning, including MDPs, POMDPs, and
multiagent extensions such as Markov games [87], interactive POMDPs [51], and partially observable
stochastic games [66] are becoming increasingly practical for real-world applications. As algorithms for
solving these problems improve, so will the ability of our computational models to perform forward-
simulation of agents’ mental state-dependent behaviors in realistic contexts. As described here, the
inverse inference problems involved in ToM are strictly more difficult than the forward-planning prob-
lems; however, tractable optimization- and search-based algorithms for solving the inverse problems
have been the focus of promising ongoing research [97,1,96,147,41,28]. Thus, although the BToM
framework can surely be generalized outside of the spatial situations presented in this chapter, its
capacity to quantitatively predict human reasoning beyond our examples remains an open question for
future research.

Another open question concerns whether alternative models can explain human ToM judgments with
accuracy and precision comparable to BToM. Here, we tested two simplified alternatives to BToM,
and other work [8,130,73,101] has considered several models based on discriminative or generative
statistical inference (prominent theoretical alternatives discussed in Section 7.2.4 [18,145,2]). In the
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FIGURE 7.6

Example stimuli and results from an experiment on inferring “chasing” or “fleeing.” Stimuli consist of a dark
agent and light agent occupying a discrete grid world, with obstacles and boundaries marked by black grid
squares. The different agents occupy opposite sides of a long enclosing “room,” with their location indicated
by large dots, and their path history illustrated by the dotted trail extending behind them. A 3 × 3 subset
of the experimental design is shown, with three different environmental contexts and three different relative
movement patterns. The three contexts differ in the exits available at each side of the room, and the three
relative movement patterns are “dark moves toward light and light moves toward dark,” “dark moves toward
light and light moves away from dark,” and “dark moves away from light and light moves toward dark.”
Experimental subjects inferred whether each agent was “chasing” or “fleeing” the other. Two models were
compared with human judgments: a theory-based model, which assumed that agents use representations
of each others’ goals to plan actions to achieve their own goals, and a heuristic-based model, which used
minimizing or maximizing geodesic distance as correlates of chasing and fleeing, respectively. Both models
capture the coarse structure of people’s judgments, which reflects the agents’ relative movements, but only
the theory-based model captures the fine-grained, joint dependence of people’s inferences on both the agents’
movements and the environmental context.

settings we have tested, variants of BToM uniformly outperform these alternative models, but it is
possible that PAIR is supported by different mechanisms in other settings, in particular, those in which
strict notions of rationality are ill-defined [101].

From a practical standpoint, the suitability of BToM for engineering PAIR systems depends on
two factors: whether AI models of intentional agents are actually the correct generative models of
naturalistic behavior within a given setting and whether the Bayesian computations BToM requires can
be tractably approximated. In domains similar to the present experimental setting, it is plausible that these
conditions are satisfied. Foraging and spatial navigation, as instantiated within our food-truck scenario,
are very natural tasks even for infants; they are evolutionarily ancient and necessary for the survival of
our species [34,19,11,82], and we can gain volumes of experience performing and observing others
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perform them throughout the lifespan. Therefore, it is plausible that humans behave near rationally,
have finely tuned expectations that others will behave near rationally, and perform reasoning in ways
that come impressively close to the optimal Bayesian inferences within these domains.

Of course, none would argue that human behavior is strictly rational under all circumstances [77]–
is BToM simply inapplicable to these situations? In fact, Saxe’s “argument from error” cites a body
of research showing a systematic dissociation between people’s expectations that others will behave
rationally, and the behavior that others actually produce, as evidence for a rationality-based ToM [110].
Although overattribution of rationality constitutes a departure from ideal observer or rational inference
in the sense defined earlier, an advantage of predictive models of rational planning is their ability to
generalize to novel contexts, allowing behavior to be understood far outside of the familiar situations
encountered in everyday life. Furthermore, the rationality assumption may provide a general space of
prior models that is refined as more data from others’ or even one’s own behavior are observed. Additional
data could even be “simulated” offline using neural mechanisms for decision making; these possibilities
highlight the prospect of a hybrid account combining the strengths of planning- and statistically-based
mechanisms within the BToM framework. Elucidating the role of these and other mechanisms within
a range of contexts by comparing actual behavior, predicted behavior, and interpreted behavior is a
promising next step within the BToM research program defined in this chapter.

Under circumstances where BToM and human inferences diverge, this may be because people’s
expectations are sensitive to others’ systematic deviations from strict rationality in ways that our present
models do not capture. Developing formal models of the complex psychological factors influencing
real-world decision making is the goal of the burgeoning fields of behavioral economics [21] and
neuroeconomics [37]; as research in these fields produces more realistic models of human behavior,
integrating these models within theory-based Bayesian models of ToM will be a promising avenue for
improving PAIR systems, perhaps bringing them more in line with human intuitions as well. In other
cases, discrepancies between BToM and people could result from fundamental human processing con-
straints, in the spirit of Chomsky’s “competence-versus-performance” distinction [29]. Understanding
people’s approximate inference strategies at the algorithmic [92] or process [4] levels is essential for
identifying these cases and could suggest adaptive, resource-constrained algorithms for AI systems to
emulate. On the other hand, these areas provide opportunities where computational social intelligence
may eventually surpass and augment human intelligence.

Our experimental finding that people’s inferences about agents’ desires are more robust than their
inferences about beliefs, and more consistent with our Bayesian model’s predictions, is intriguingly
consistent with classic asymmetries between these two kinds of mental state attributions in the ToM
literature. Intentional actions are the joint consequence of an agent’s beliefs and desires, but inferences
from actions back to beliefs are frequently more difficult and indirect than inferences about desires.
Actions often point with salient perceptual cues directly toward an agent’s goal or desired state. When
a person wants to take a drink, her hand moves clearly toward the full glass of water on the table. In
contrast, no motion so directly indicates what she believes to be inside the glass. Infants as young as
five months old can infer agents’ goals from their actions [49], while inferences about representational
beliefs seem to be present only in rudimentary forms by one year of age [99] and in more robust forms
only by age four [137]. Whether these differences are best explained at the competence level, in terms
of modifications to the theory of belief-dependent planning described here or at the performance level,
in terms of fundamental cognitive processing constraints, is a crucial question for future study.
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7.5 Conclusion
Research on plan recognition began with the idea that AI models of planning can be used in reverse
to understand as well as generate behavior. This chapter identified a strong connection between this
classic AI idea and human social intelligence, modeling human ToM within a theory-based Bayesian
framework inspired by work in AI, PAIR, and machine learning. It is fascinating to find such close
parallels between AI and human cognition, but perhaps it should not be too surprising. AI modeling
has always been informed by introspection on human intelligence, and cognitive science has always
looked to AI for representations and algorithms to explain the abstract computations performed in the
human mind and brain. It makes good sense that formal theories of planning should mirror our intuitive
theories of what it means to be an intelligent agent because their design has been guided by ToM in the
minds of AI researchers.

In the real world, humans still far surpass even the most advanced artificial social intelligence. We
believe that engineering PAIR systems with humanlike ToM, using the same kinds of probabilistic mod-
els and action representations that support social reasoning in humans, will help to narrow this gap, while
also advancing our basic scientific understanding of human social cognition. While psychologists have
long studied ToM and action understanding using behavioral experiments, they did not have rigorous
computational models of these capacities, framed in the same terms used to engineer AI systems. That
is changing as modern PAIR research (and AI more broadly) offers tools to recast the relevant areas
of psychological and behavioral science as engineering (or more accurately, “reverse engineering”)
disciplines. Engineering large-scale PAIR systems that integrate models of ToM will provide the most
challenging test yet of these models’ adequacy and, if successful, demonstrate the need for continual
exchange of ideas and techniques between AI and cognitive science.
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