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Abstract

The ultimate goal of biological motion perception is to be able to understand actions
so as to provide an answer to the question, “Who did what to whom and why?” This
inference capacity enables humans to go beyond the surface appearance of behavior
in order to successfully interact with others and with the environment. In addition
to its functional importance, understanding biological motion bridges several major
fields, including perception, reasoning, and social cognition. However, despite its
paramount role in human perception and cognition, only limited progress has so far
been made in understanding biological motion. After reviewing the relevant liter-
ature, this essay argues that future research needs to identify the contributions of
three basic processes involved in understanding biological motion: perception of
animacy, causality, and intention. The involvement of these basic processes needs
to be investigated both in the typical healthy population as well as in populations
with mental disorders, such as autism spectrum disorders and schizophrenia. We
also suggest that a productive research approach should focus on more interactive
actions of the sort often observed in the natural social environment, rather than solely
using the single-actor displays that have been typical in previous work. It is fur-
ther emphasized that there is a need for a theoretical and computational framework
within which these different types of processing can be united. We propose that the
predictive coding framework provides a good candidate.

INTRODUCTION

In 1872, in his seminal work demonstrating parallels in the way humans
and animals express emotions, Darwin noted that “actions speak louder
than pictures when it comes to understanding what others are doing and feeling”
(Darwin, 1872). Darwin’s claim is supported by the fact that many animal
species are sensitive to motion patterns generated by other living organisms,
presumably due to the ecological importance of biological motion. Superior
perception for biological motion manifests itself in two pervasive behavioral
characteristics: the robustness of recognizing actions, and sophisticated
inference in understanding them, that is, grasping the intentions of actors.
In support of the first characteristic, numerous psychophysical studies have
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demonstrated that human observers show an exquisite ability to accurately
identify attributes of an actor, such as identity (Cutting & Kozlowski, 1977),
emotional state (Dittrich, Troscianko, Lea, & Morgan, 1996), and gender
(Kozlowski &Cutting, 1977), evenwhen the stimulus lacks a detailed human
body form (e.g., a point-light display consisting of only a few discrete dots
representing joint movements). The remarkably rapid, accurate, and robust
perception of biological motion has inspired a great deal of research directed
at understanding how the visual system achieves this perceptual feat in
recognizing actions.
However, the second characteristic—sophisticated inference in under-

standing biological motion—is arguably more essential for human
perception and cognition. In order to successfully interact with others and
with the environment, the human mind is equipped with the ability to make
inferences that go beyond the surface appearance of behavior. For example,
with a brief glance at the crowd in Times Square in New York, you can not
only recognize which pedestrians are walking in relaxation and which are
running in a hurry but also readily identify people who are interacting with
others (e.g., walking together while having a conversation; shaking hands).
Furthermore, you can predict other people’s actions in the near future (e.g.,
expecting someone to extend a hand to wave goodbye to a friend). The
ultimate goal of biological motion perception, it seems, is to understand and
predict actions inwhichmultiple individuals interact, and tomake inferences
about other individuals’ intentions and goals by evaluating their actions.
For several reasons, systematic research on biological motion understand-

ing needs to be pursued with greater vigor. First, the inference capacity of
the human visual system exceeds that of the most advanced machine vision.
For example, in the investigation of the Boston Marathon bombing case in
2013, extensive video from surveillance camera systems was available, but
it was the trained human eye that led to arrests. Hence, understanding how
humans make inferences and predictions about actions will doubtlessly play
an important role in guiding the development of more advanced machine
vision systems.
Second, within the human population, the ability to understand biological

motion varies among individuals. Within the first days of life, human
newborns show selective preference for biological motion (Simion, Regolin,
& Bulf, 2008), supporting the hypothesis that detection of biological motion
is an intrinsic capability of the human visual system. However, this evolu-
tionarily basic ability is impaired for people with disorders such as autism
(Blake, Turner, Smoski, Pozdol, & Stone, 2003; Klin, Lin, Gorrindo, Ramsay,
& Jones, 2009). One of the core symptoms distinguishing autism from
other disorders is lack of ability to infer the meaning of observed actions,
which makes it difficult to carry on effective interactions with others. This
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impairment is generally believed to contribute to the severe cognitive and
social consequences of autism in later life (Kaiser & Shiffrar, 2009). Hence,
investigation of the key mechanisms underlying action understanding
may potentially guide the development of behavioral interventions to help
individuals with autism to adopt compensatory strategies.
Third, understanding biological motion plays an essential role in bridging

several important fields, including perception, reasoning, and social cogni-
tion. A precursor of biological motion processing is the extraction of motion
information using generalmotion detectors; hence, biologicalmotion percep-
tion offers a window to study the interactions between high-level visual pro-
cessing and low-level motion processing. The outcome of biological motion
perception must feed into a reasoning system that infers the intentions and
goals of other individuals, yielding social understanding. Currently, rela-
tively little research has addressed the connections between perception and
reasoning, and even less has investigated the further connection to social cog-
nition. Hence, theoretical investigations and empirical tests are both needed
to advance understanding of the perceptual and cognitive architecture that
supports the social human mind.
In the past decades, the vast majority of studies of biological motion have

focused on simple and stereotyped actions, such as walking and running,
which involve a single agent. Little progress has been made in quantifying
what visual information is used in predicting other people’s (inter)actions,
determining how action representations are utilized in these inferential tasks,
and assessing how perception and reasoning operate synergistically to infer
hidden goals and intentions. This essay will focus on how biological motion
enables human agents to effectively interact with objects and other agents in
the environment. We will first review classical and recent work relevant to
understanding biological motion. We then propose a unified computational
framework, and point to future research directions for work on this funda-
mental issue in perception and cognition.

BUILDING BLOCKS FOR UNDERSTANDING BIOLOGICAL MOTION

In order to carry out effective social interactions, human minds need to
address the fundamental question of “who did what to whom and why?” by
identifying causal relationships between individuals’ actions and inferring
the intentions of individuals. For example, when we observe an interaction
between an individual and an object (e.g., a person throws a ball), what
we really see is a living actor that causes a change in the states of an object
(e.g., positions, moving directions of the ball), in order to achieve certain
subjective goals (e.g., to hit a basketball net). Although the brain performs
this complex analysis with little effort, the process is sophisticated, involving
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three distinct, but related, types of analyses: animacy (i.e., perceiving the
moving agent as a living being, and the moving ball as not), causality (i.e.,
inferring that the person is the cause that makes the ball fly), and intention
(i.e., understanding what the actor wants to achieve by his or her action).

ANIMACY AND CAUSAL PERCEPTION

A classical investigation into animacy judgments was performed in the con-
text of the perception of causality (Michotte, 1946/1963). Michotte showed
that moving geometric shapes give rise to a vivid perception of animacy, and
even of meaningful interactions between an animate object and an inanimate
object. Around the same time, Heider and Simmel (1944) showed that such
simple stimuli even yield perceived intentions (e.g., one shapewould seem to
“want to catch” another shape). These pioneering studies highlight human
sensitivity to animacy, causality, and intentions, even in stimuli devoid of
regular social cues (such as body movements and facial expressions).
The work byMichotte, and others (Scholl & Tremoulet, 2000), has provided

evidence that animacy can be directly perceived in a stimulus, rather
than inferred from associations between stimulus elements. Specifically,
the perception of animacy is fairly fast, automatic, irresistible, and highly
stimulus-driven (Scholl & Tremoulet, 2000). For example, small changes
in the speed of a moving shape, which are unlikely to change humans’
high-level cognitive inferences about the movement, can nonetheless induce
or abolish a perception of animacy (Michotte, 1946/1963). Accordingly,
Michotte (1946/1963) proposed that some special and automatic mecha-
nisms for analyzing perceptual input are responsible for giving rise to a
“genuine causal impression.” This hypothesis is supported by evidence
showing that processing of such causal interactions is not influenced by
attention (Blakemore et al., 2003).
Hence, two of the building blocks for the understanding of biological

motion—animacy and causal perception—depend on perceptual quantities.
Any change in the stimulus, or in the mechanisms with which the brain
processes these stimuli (e.g., due to brain diseases), could affect the under-
standing of intentions, and hence the social understanding of the actions.

THE INFERENCE OF INTENTION

The third building block of understanding biological motion is to infer
other people’s intentions, which requires making a connection between the
observed behavior (e.g., body movements) and the inferred mental states
(including intentions) of the actor. This process involves taking what has
been called an intentional stance (Dennett, 1987), and requires the observer to
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have extensive knowledge of how actions may arise from a combinations of
internal factors. Such a mentalizing process (Frith & Frith, 2006), also termed
theory of mind (Premack & Woodruff, 1978), is largely built on conscious and
unconscious cognitive inferences about intentions of the perceived actor.
Different types of inferential processes are involved in understanding inten-

tions from biological motion. Recently, it has been suggested that intentions
can be divided into goal-directed intentions, and those that require multistep
movements, with an orthogonal dimension of social to nonsocial intentions
(Chambon et al., 2011). It is possible that simple goal-directed intentions (e.g.,
grabbing a mug to drink something) may be directly perceivable or may be
retrieved by internal motor simulation (Brass, Schmitt, Spengler, & Gergely,
2007), without the need for explicit inferences. However, interpretation of
more complex intentions—those that are essential in social contexts—most
likely depends on cognitive inferences (Keysers & Gazzola, 2007; de Lange,
Spronk, Willems, Toni, & Bekkering, 2008). These latter, more complex, infer-
ential processes are classically thought to be at the root of some of the disor-
ders affecting social cognition, such as autism.
In order to make correct inferences about intentions, humans need to

combine directly perceivable information, such as body movements, as
well as animacy and even causality, with prior knowledge about intentions
underlying similar dynamic instances observed previously in social con-
texts. According to Marr’s three levels of analysis in vision (Marr, 1982), we
need to examine biological motion understanding at computation, repre-
sentation and neural implementation levels. To achieve the balance between
incoming “sensory-driven” information and prior knowledge, Bayesian
inference provides a mathematical framework at the computational level
to understand the function and purposes of biological motion (Knill &
Richards, 1996). The predictive coding framework provides a testable theory
at the representation and implementation levels to make connections to
neuroscience and behavioral studies (Friston, 2010), which will be discussed
in detail as one of the emerging trends.

PREDICTIVE CODING FRAMEWORK FOR UNDERSTANDING
BIOLOGICAL MOTION

In a predictive coding framework, the brain aims to explain incoming
sensory data by making inferences about the potential causes of the sensory
data. These predictions (in computational terms, “empirical priors”) are
sent down to a processing level primarily driven by sensory information,
where they are subtracted from the incoming information. If the prediction
is inaccurate, a large residual of the sensory data (i.e., the prediction error)
remains unexplained. This information about the discrepancy between
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prediction and observation is sent back to the higher (less sensory) levels in
order to adjust the prediction. If the prediction is reasonably accurate, and
only a small error signal (prediction error) remains, the system can conclude
that the predicted (i.e., inferred) causes were indeed present. Such loops
are present in both early sensory levels and high-level brain areas, where
intentions are processed. Therefore, depending on the stagewithin the visual
system, inferred causes consist of intentions at higher levels of hierarchical
processes; while at lower levels, they are more mechanical causes (e.g., a ball
hitting another ball), or simply the presence of a stimulus. Therefore, within
the predictive coding framework, there is no major difference between
perceptual and cognitive inferences. The “perception” of the presence of a
stimulus relies on an identical computational schema as the “inference” of
the presence of an intention.
Biological motion understanding involves a hierarchical system involving

different stages from low-level processing to higher level processing, that is,
local motion processing, biological motion processing, animacy and causal
perception, and intention inference. When a problem occurs at higher level
processing, this could lead to difficulties in inferring intentions (Kilner, Fris-
ton, & Frith, 2007), which in turn may cause an incorrect prediction of what
the observed actor may do in the future. These wrong predictions will dif-
fer greatly from the input and create a large prediction error, which requires
additional processing at this lower level to resolve the disagreement between
predictions and observations. Hence, malfunction at a higher level could
therefore cause an increased demand of attention to lower level element (i.e.,
details), which could account for some behavioral atypicalities observed in
autism (van Boxtel & Lu, 2013b; Friston, Lawson, & Frith, 2013; Van deCruys,
de-Wit, Evers, Boets, &Wagemans, 2013). Similarly, when lower level proces-
sors do not function in a typical way, this could cause inaccurate perception
of animacy, which could in turn affect how well an observer can infer the
intentions of the observed actor.

FUTURE DIRECTIONS

In this section, we identify three main themes that may guide future research
investigating how humans achieve deep understanding of biological motion
for effective social interactions.

RELATIONSHIP BETWEEN PERCEPTUAL AND COGNITIVE INFERENTIAL PROCESSES

To achieve deep understanding via biological motion, the humanmind relies
on a sophisticated interplay between three tight interrelated basic processes:
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perception of animacy, causality, and inference of intention. In future stud-
ies, it will therefore be important to separate different contributions of these
individual processes to biologicalmotion understanding. This type ofwork is
important, both for determining the constraints on the inference of intentions
and for quantifying the contributions of each process in accounting for indi-
vidual differences. Without recognizing the distinction between these three
basic processes, it would be difficult to understand the origins and deter-
minants of certain psychological disorders that involve problems in social
cognition and develop principled intervention programs.
Isolating these distinct factors is not easy. For example, in certain experi-

mental paradigms, a stimulusmanipulation intended to change the intention
inference process may instead change the perception of animacy, resulting
(indirectly) in a change in inferred intentions. This potential confound was
recently addressed by Gao and colleagues (Gao, Scholl, &McCarthy, 2012) in
a psychophysical study in which moving geometric shapes were perceived
to be animate and intentional. By manipulating the stimulus carefully, the
researchers were able to maintain the same level of perceived animacy, while
varying the perceived intentions of the shape elements. They showed that
some areas [such as the posterior superior temporal sulcus (pSTS)], which
were previously thought to be involved in the perception of animacy, are
actually more related to the detection of intentionality. Their study demon-
strates the promise of developing visual stimuli to discriminate inferential
processes of intention from perceptual processes involving animacy and
causality. We consider studies that demarcate the influence of animacy,
causality, and intention to represent an important future research direction.
Meanwhile, realistic action stimuli will also be important because natural

social stimuli are more complex than the combined movements of simple
geometric shapes. For example, several studies demonstrated that the
perception of animacy depends on the correct relationship between internal
and external movements (Michotte, 1946/1963; Thurman & Lu, 2013), for
example, an actor will look less animate when he/she moves too fast in
relation to how fast its extremities move. Such complex interactions between
internal and external cues in biological motion stimuli will need to be
researched more thoroughly.
Finally, there is an emerging trend to investigate how social scenarios are

perceived using controlled biological motion stimuli. Although inferences
about intentions are especially important in social/interactive contexts,
research on this topic is challenging due to the complexity of this inferential
task. Identifying interactions between actors is obviously more complicated
than perceiving the action of a single individual, and recent imaging work
has indeed shown that additional brain structures (including the STS, and
more frontal areas) are recruited when an interactive scene is analyzed
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(Backasch et al., 2013; Iacoboni et al., 2004). Systematic investigations on
intention inference are needed to deepen our understanding on this impor-
tant problem in human perception and cognition. Indeed, it is one of the
stated goals of the Human Brain Project (2012, p. 34), a major scientific
research project sponsored by the European Union. The initial research
forays in this direction have yielded interesting data. For example, psy-
chophysical experiments provided evidence to show top-down influences
of interactive information at very early levels of processing in the visual
system. In case of the detection of a point-light actor in a noisy background,
it was found that detection was easier when individuals with physical
interactions (i.e., dancing and boxing partners) (Neri, Luu, & Levi, 2006).
A similar finding is reported (Manera, Del Giudice, Bara, Verfaillie, & Bec-
chio, 2011) for communicative interactions (e.g., hand gestures). Therefore,
interactive information is able to impact perception at very early stages
within the visual hierarchy. In addition, more research is needed to examine
human predictability of future actions in complex social environment. In the
literature, researchers employed predictive tasks to address this question
using single actor stimuli (Graf et al., 2007). Future research will likely focus
on systematically examining the ability of humans to predict biological
motion in social/interactive scenes involving more than one actor.

INVESTIGATING THE PREDICTIVE CODING FRAMEWORK

The previous section focused on experimental investigations into perceptual
and inferential processes involved in understanding biologicalmotion.How-
ever, to arrive at a complete understanding of human action understanding,
these separate influences need to be integrated within a unifying computa-
tional framework (van Boxtel & Lu, 2013b). The predictive coding framework
has recently garnered a lot of attention, because it provides a parsimonious
explanation of various problems in autism, including both altered social per-
ception and visual perception (van Boxtel &Lu, 2013b; Friston et al., 2013; Van
de Cruys et al., 2013). This explanation focuses on two important elements
in the predictive coding framework. The first is that there is an imbalance
between bottom-up “sensory” inputs and top-down prediction-driven pri-
ors. Different theories point to different causes of the imbalance, emphasizing
either increased/altered sensory processing or decreased high-level (prior)
information, but it should be emphasized that these theories are notmutually
exclusive. In fact, different types of autism may depend on different causes.
The second element in the predictive coding framework is its circular

architecture, where a change in low-level processes is forwarded to a
high-level process, which then produces a different prediction (empirical
prior), followed by subsequent alteration of low-level processing. The
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predictive coding framework, because of its circular architecture, is more
complicated compared to previous models that attempt to explain percep-
tual deficiencies to either low-level or high-level processing; however, the
predictive coding framework has the advantage of being consistent with
known brain architecture (Mumford, 1992), thus yielding interpretations of
empirical findings that may more closely link social cognition to its neural
substrate. Future work will need to investigate how prior knowledge is
updated with experience, and how it is applied by the brain depending on
the expected precision of their inferred causes (Feldman & Friston, 2010)
There have been recent efforts to explain autism within the framework

of predictive coding (van Boxtel & Lu, 2013b; Friston et al., 2013; Van de
Cruys et al., 2013). These largely theoretical advances need to be put to
empirical tests, and future research should be aimed at providing evidence
for the influence of predictive coding mechanisms in autism. Importantly,
the predictive coding framework can be used to guide research in new
directions, leading to potential insights regarding how the balance between
priors driven by predictions and likelihoods driven by sensory information
affects perception, and perhaps social cognition in general, inmental disease,
and in the general population (e.g., van Boxtel & Lu, 2013a; Rhodes, Jeffery,
Taylor, & Ewing, 2013).
Thus, the predictive coding framework (especially when developed into a

computational model) will allow to test very specific predictions and may
allow future research to determine which parts of the framework are related
to perceptual and cognitive deficits, and how such deficits may be counter-
acted. Experimental and computational work directed at both the perceptual
and inferential levels, as well as their interaction, will be a very fruitful future
endeavor.

CONNECTION TO MENTAL DISORDERS

Apart from the focus on the theoretical predictive coding framework, we
expect more research at the interface between perception and cognition in
the context of mental disorders that affect cognition, especially research that
dissociates the problems related to animacy, causal perception, and intention
inference. As noted earlier, deficits in social perception may result from a
problem in any of these three (or other) mechanisms. Although the emphasis
of the field has been on social deficits in autism, there is evidence that social
cognition in general is very much based on the interplay between all three
processes. For example, the pSTS is involved in the perception of biological
motion (Grossman et al., 2000), while at the same time being an important
hub in the understanding of intention (Frith & Frith, 2003; Gao et al., 2012).
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It is also sensitive to other social cues, such as where someone is looking
(Pelphrey, Morris, & McCarthy, 2004).
In fact, the STS may be at the crossroads of perception and the inference

of intention and social cognition (Allison, Puce, & McCarthy, 2000; Castelli,
Happe, Frith, & Frith, 2000; Frith & Frith, 2003; Gao et al., 2012), being
hypoactive in autism (Zilbovicius et al., 2006) and hyperactive in schizophre-
nia (Backasch et al., 2013). Perhaps, the pSTS is important in connecting
the inferred intentions to a certain stimulus in the visual array. Problems
in the attribution of intention are potentially central to the understanding
of autism and schizophrenia. For example, hallucinations in schizophrenia
can be viewed as an “over-attribution” of causation/intentionality. Patients
attribute a cause to a certain percept, or an intention to a certain action, that
did not actually exist (see, e.g., Backasch et al., 2013). Contradistinctively,
people with autism may suffer from a weaker attribution of intentions. For
example, children with autism spectrum disorder (ASD) show deficits in
understanding social intentions in biological motion displays relative to
typically developing children (Centelles, Assaiante, Etchegoyhen, Bouvard,
& Schmitz, 2013). However, they may not necessarily have a deficit in
identifying the observed action (e.g., Saygin, Cook, & Blakemore, 2010).
This type of research, at the crossroads of perception and intention infer-

ence, will be a fruitful contribution. With these future directions in mind, we
can look forward to an increased understanding of what separate processes
are essential to the understanding of biological motion stimuli, and how they
work together, based on detailed computational models.
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