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CHAPTER 1

Introduction

What makes human beings unique? We can learn about ourselves by studying other species.
Dogs provide a valuable opportunity to explore social learning and non-human cognition more
broadly (Bensky et al., 2013). As a species, they perform critical roles in our society. In a
working context, dogs help blind people navigate the world as guide dogs, detect explosives
to keep air travel safe, and search disaster zones for missing people. As pets, dogs provide
numerous health benefits to their owners (Hayden-Evans et al., 2018; Stanley et al., 2014).
Despite our reliance on dogs for companionship and as service partners, we know little about
how dogs visually perceive and engage with the world around them and with their human

companions.

Dogs were domesticated thousands of years ago from ancient wolves (Germonpré et al.,
2012; Thalmann et al., 2013). The number of domestication events and the specific driving
factors that led to domestication remain controversial. However, there is broad consensus that
dogs and humans have been co-existing for over 15,000 years. Unlike their wild ancestors,
dogs are comfortable working with humans, even those they do not know. Although cultural
differences exist in how people raise and view the dogs they live alongside, domestic dogs exist

on every continent except Antarctica (Gray & Young, 2011; Wan et al., 2009).



Dogs’ unique evolutionary relationship and close living arrangements with humans have
resulted in dogs having an exceptional ability to respond to human social-communicative
gestures. Much of the current work on canine cognition has focused on dogs’ ability to follow
human pointing gestures. These studies focus on dogs following a human point to find hidden
food in a variety of contexts. In developmental paradigms, puppies are able to follow points
from the earliest age that they can be tested (Agnetta et al., 2000; Hare et al., 2002). Dog pups
also outperform wolf pups at following subtle human pointing gestures, even when the wolf

pups have been hand raised and intensively socialized with humans (Viranyi et al., 2008).

Dogs also do not follow blindly. They can selectively learn from human informants and
integrate their own evidence with the information provided. Dogs are sensitive to the knowledge
of an informant, choosing the location pointed to by a knower more often than the location
pointed to by a guesser (Catala et al., 2017; Maginnity & Grace, 2014). They are also sensitive
to the past accuracy of an informant. This is an ability they appear to share with human children.
Dogs are able to use past informant accuracy to selectively trust, choosing the location indicated
by a previously accurate individual significantly more than the location pointed to by a previously

inaccurate person (Corriveau et al., 2009; Pelgrim et al., 2021).

Some argue that through domestication and artificial selection, the natural social partner for
the dog has become the human rather than other dogs (Marshall-Pescini et al., 2013; Naderi
et al., 2001; Range et al., 2019). In addition to the wealth of working and service roles dogs
perform, dogs can recruit human partners to complete tasks requiring two individuals. A classic
test of collaboration is the string pulling task, where a desirable item is placed on a board out
of reach. The board has a string looped around the edges, and the string is within reach of the
participants. To draw the item close, two individuals must pull on the string simultaneously.
If only one individual pulls on the string, it will come loose from the board, and the item will
remain inaccessible. When paired with another dog as their collaborative partner, dogs rarely
succeed. They fail to coordinate and pull on the string simultaneously with other dogs. However,

when paired with a human partner, dogs can successfully cooperate with the person to pull on



the string (Range et al., 2019). Not only can dogs complete string pulling tasks with a human
partner, but dogs can also wait to pull the string until their partner arrives. To briefly summarize,
dogs’ evolutionary history and their typical living environment make them a promising system

for studying social learning and interaction (Kubinyi et al., 2009).

1.1 Visual Interaction and Attention

Humans, like other primates, are a visual species. Many of our daily social interactions
involve visual coordination and attention (Colavita, 1974; Ellsworth & Ludwig, 1972; Kaas,
1992; Kaas & Balaram, 2014). The importance of visual coordination is reflected in major
theories of human uniqueness, such as the shared intentionality hypothesis (Tomasello et al.,
2005). The shared intentionality hypothesis emphasizes the importance of engagement between

individuals and characterizes this engagement in three ways, each with increasing complexity.

The simplest, dyadic engagement, involves two individuals sharing, interacting, or engaging
in turn-taking. This emerges in human children during infancy and is exemplified by mutual
gazing (where the infant and their partner look into each other’s eyes). Dyadic engagement does
not require the individual to represent or read goals or intentions. The individual may have these,
but they do not require a representation of the partner’s mental state. Dyadic engagement and
the associated key visual behavioral signature (mutual gaze) is theorized to be an evolutionarily

ancient ability that is shared with other species (Tomasello et al., 2005).

Next, children develop triadic engagement, which involves goal sharing and the monitoring
of both the goal state. Children also have to integrate their own perception and the perception
of their partner. Triadic engagement emerges in 9-12-month-old children. Critically, although
some studies have shown that non-human primates are capable of triadic engagement, they
engage in this style of interaction less frequently than human children. An example of a way
to measure triadic engagement is re-engagement in an activity after a partner stops engaging

(i.e., if the partner disengages from the game the child may hand the partner the toy or attempt



to communicate with the partner to entice them back to the game). The key visual behavioral

signature (visual re-engagement) should only be fully displayed in human beings.

The final engagement style is collaborative engagement, which involves forming a coordi-
nated action plan with an intentional social partner and then using joint attention to the task at
hand to accomplish the shared goal. Under the shared intentionality hypothesis, this type of
engagement is entirely unique to humans. Collaborative engagement emerges in children around
12 to 15 months of age. This style of engagement is classically identified by joint attention.
Critically, joint attention has a specific visual behavioral signature that is taken as a proxy, or
at least as a correlate, for the rich set of associated cognitive abilities. Joint attention involves
both individuals carefully monitoring and representing the goals, actions, and intentions of
others. When we engage in joint attention, we not only attend to a real-world item but we
monitor our partner’s attention. We have intentions that underlie our actions, and when engaging
in joint attention we share those intentions with our partner, facilitating our cooperation and
collaboration (Baldwin et al., 2001; Carpenter et al., 1995; Kaplan & Hafner, 2006; Malle,

2008).

Joint attention as a cognitive process is rich, highly social, and theoretically unique to our
species. This cognitive process helps us to learn language, facilitating our comprehension
and production of spoken language (Baldwin, 1995; Carpenter et al., 1998). At older ages,
joint attention helps us to understand written language, with increased rates of joint attention

corresponding to better written word learning (Guo & Feng, 2013).

Joint attention as a cognitive process is theorized to be unique to human beings, and may be
necessary and sufficient to explain all of human unique cognition. It follows that the key visual
behavioral signature of joint attention should also be unique to human beings. Much of the
support for the shared intentionality hypothesis has been taken from behavioral observations of
visual interaction. Prior work has focused on comparing the ability of chimpanzees and children
to respond to human visual communication, and consistently finds evidence for joint attention in

children but not in chimpanzees (Carpenter et al., 1995; Tomasello et al., 2005).



However, there has been much debate about the operationalization of joint attention (Bradley
et al., 2023; Gabouer & Bortfeld, 2021). Many classic studies of joint attention have relied
on behavioral coding of visual attention. New technology, specifically the rise of eye-tracking,
has helped to better objectively operationalize and assess the details of key visual interactions
like joint attention (Bradley et al., 2023). Eye-tracking provides a quantifiable metric of visual
attention, allowing researchers to gain insight into what the participant is seeing and how they
are focusing. Traditional eye-tracking methodology requires the participant to remain stationary
while viewing stimuli presented on a screen. This approach has been used particularly with
non-verbal populations, including human infants. In developmental research, eye-tracking has
been used to examine how, for example, infants’ social attention relates to language learning

(Tenenbaum et al., 2015) and how toddlers reason about causality (Sobel & Kirkham, 2006).

This approach has also been used to study joint attention through gaze following paradigms.
In these, the participant watches footage of a person looking at them and then looking at an item
on the screen. Both participant and virtual experimenter then jointly attend to this item (Navab
et al., 2012). This kind of responsive joint attention requires that the participant monitors the
attention state of the experimenter, following the experimenter’s gaze as their attention shifts

(Carpenter et al., 1998).

Screen-based eye-tracking has not been limited to children. Non-human primates like
chimpanzees have been tested using this approach. Using creative attraction points to keep par-
ticipants stationary (typically a mounted straw that dispenses juice), researchers have improved
our understanding of how chimpanzees examine pictures. We now know that chimpanzees focus
on the body and focal figure rather than the background in a similar way to human beings (Kano
& Tomonaga, 2009). Screen-based eye-tracking in chimpanzees has also been used to help study
complex theory of mind problems, showing that they may pass implicit false belief tasks (Kano

et al., 2017).

Screen-based eye-tracking has also been extended to dogs. We know that dogs have worse

visual acuity and less sensitive color perception than humans. In contrast, dogs are more sensitive



to flicker rates, and they surpass human visual performance in dim lighting conditions (Byosiere
et al., 2018). Researchers have made advances in understanding how dogs respond to visual
stimuli using stationary screen-based eye-tracking (Karl et al., 2020a; Somppi et al., 2012). By
presenting precise stimuli on screens and recording dogs’ eye movements, we know that dogs
can recognize photos of familiar humans and conspecifics (Somppi et al., 2014) and that they
respond differentially to human faces expressing different emotions (Karl et al., 2020b; Kis
et al., 2017; Somppi et al., 2016). Dogs tend to direct their visual attention to living creatures in
the foreground (versus the background), a pattern also observed in chimpanzees and humans

(Kano & Tomonaga, 2013; Térnqvist et al., 2020).

The human-dog bond has been explored in screen-based eye-tracking systems, evaluating
dogs’ reactions to modified (i.e., inverted) human and dog faces (Racca et al., 2010; Somppi et
al., 2014). Screen-based stationary eye-tracking systems have also helped researchers determine
how dogs look at human social-communicative gestures like pointing (Ogura et al., 2020) as
well as how they view images of natural scenes (Tornqvist et al., 2020). Although promising,
screen-based eye-tracking limits the information that can be presented to video displays and
2D images and may reduce the real-world validity of the results. Further, the requirement for
dogs to remain stationary has limited the specific research questions that could be explored, as

naturalistic interactions like walking and playing are impossible.

Researchers have begun using mobile, head-mounted eye-trackers to achieve more naturalistic
results. Head-mounted eye-trackers capture the first-person view of the wearer as well as record
their eye movements, which are mapped together after data collection. They can be worn in
various ways (i.e., caps, glasses, goggles), allowing for their use in exploring natural behaviors
with head shapes ranging from peacocks to lemurs (Shepherd & Platt, 2006; Yorzinski et al.,
2013). Researchers have explored human-chimpanzee interactions using an adapted goggle
setup (Kano & Tomonaga, 2013). This method’s largest take-up, however, has come from
research on young infants. Head-mounted eye-trackers have given us insight into how infants

respond to their mother’s voices (Franchak et al., 2011) and the differences in how crawling and



walking toddlers see the world (Kretch et al., 2014).

Critically, head-mounted eye-tracking has advanced our understanding of joint attention
through development. In head-mounted eye-tracking studies, joint attention is typically opera-
tionalized as instances where both participants looked at the same item at the same time. From
studies with head-mounted eye-tracking, we know how joint attention can facilitate learning
and cooperation. For example, increased instances of joint attention during storybook reading
facilitated children’s learning of printed words (Guo & Feng, 2013). We also know that joint
attention is related to hand-eye coordination (Yu & Smith, 2013) and action prediction (Monroy

et al., 2020).

Most recently, head-mounted eye-tracking has been extended to dogs (Pelgrim et al., 2022,
2025). We are now able to use head-mounted eye-tracking to study dogs’ visual attention during

dynamic or mobile tasks with a similar accuracy to that seen with human infants.

1.2 The Role of Pointing

A major way we interact visually with each other is through the use of social-communicative
gestures. One of the most widely studied gestures is pointing. Point following has been studied
extensively in children across development starting in infancy. Human beings are generally
highly accurate at following points and can identify the target of a point from an early age
(Bertenthal et al., 2014; Morissette et al., 1995; Tomasello et al., 2007). At 12 months, we
understand that pointing is object-oriented, meaning that we point to indicate a referent. Classic
tasks of pointing comprehension in infancy use looking-time based approaches and consistently
demonstrate that young children attribute intentions to pointing gestures and predict behavior as

a result (Behne et al., 2012; Woodward & Guajardo, 2002).

Infants also begin producing points in the first year of life. We can point flexibly from
a young age, using our gestures before we develop spoken language to interact with social

partners. Even after developing language, young children regularly use pointing gestures to



serve a variety of purposes. Pointing can be categorized, from this perspective, by the goal or
intention of the pointer, and the function the gesture serves. First, pointing can be declarative
(or proto-declarative in the absence of language). Declarative pointing is a direction to look at
something or to share interest. This style is highly social in nature, and facilitates joint attention,
directing the attention of the viewer in a bid to share or engage with something in the world.
Production of declarative pointing develops early in the second year of life (Bates et al., 1975;
Cochet & Vauclair, 2010). For example, a young child may point to a fountain to direct their
parents’ attention to the splashing water so they can watch it together. Infants can also use
declarative pointing to provide information for others. This is a subtype of declarative pointing,
called informative pointing. In informative pointing, infants point to help adults locate lost items,
sharing the information they have to assist a social partner (Liszkowski et al., 2006; Tomasello

et al., 2007).

Second, pointing can be a social tool, facilitating the accomplishment of goals or the
acquisition of items that the infant cannot achieve on their own. Imperative (or proto-imperative)
pointing serves to make a gestural request or command to the social partner (Bates et al., 1975;
Rohlfing et al., 2022; Tomasello et al., 2007). For example, a young child may point to a toy
intending that their parent bring the toy to them. Like declarative pointing, imperative pointing
arises at about one year of age (Bates et al., 1975; Carpenter et al., 1998). Imperative pointing
can also serve a cooperative goal, requesting assistance when working together (Tomasello et al.,

2007).

More recently, pointing in young children has been described as a request for information.
Interrogative (or proto-interrogative) pointing serves as an epistemic request by the infant to
their social partner (Begus & Southgate, 2012; Kovics et al., 2014; Southgate et al., 2007). Seen
in one-year-old children, interrogative points help the infant to acquire new information, rather
than trying to provide directions (as in imperative) or share in an experience (as in declarative).
For example, a young child may point at an unfamiliar animal at a zoo, intending that their

parent tell them about the animal, providing information about the animal’s name or what sounds



it makes.

We are able to produce points flexibly to support our goals of engaging with others, learning
about the world, and acquiring wants and needs. Similarly, we are able to understand and
appropriately respond to pointing gestures in a variety of contexts. Our success at point
comprehension is impressive, but it may not be exceptional. It is also a well-established finding
that another species, dogs, follow human pointing gestures. From puppyhood and with no
explicit training, dogs can follow human pointers to find hidden food items (Agnetta et al.,
2000; Hare et al., 2002; Mikl6si & Soproni, 2006). Dogs can interpret pointing gestures proto-
imperatively, going to a location indicated by the pointer. This ability sets dogs apart from
our closest genetic relatives, chimpanzees, who fail to follow imperative points (Kirchhofer
et al., 2012). Imperative points are all around dogs, and are frequently used by their owners
to give instructions. For example, dog owners may point to say “go upstairs”. Dogs can also
interpret points in a proto-declarative fashion. For example, dog owners may point to direct their
dogs’ attention to a treat the dog missed, providing them with information about a lost item (see

Bensky et al., 2013, for a review).

Dogs follow human pointing gestures selectively, tending to follow the points of individuals
who were previously accurate, knowledgeable, and prosocial (Maginnity & Grace, 2014; Pelgrim
et al., 2021; Silver et al., 2020). Their selective following, along with their ability to make use
of pointing gestures across tasks, has been suggested as evidence that dogs understand some
portion of the communicative intent behind points. How the point is being interpreted, though,

is still an open question.

Success at pointing tasks is a common example of visual and cognitive engagement, namely
that the producer of the point is engaged in a collaborative action sequence with the point
viewer (Tomasello, 1998; Tomasello et al., 2005). Under the shared intentionality hypothesis,
collaborative engagement should be unique to human beings. However, non-human animals
can follow pointing gestures, as cited above. To resolve this apparent conflict, recent work has

aimed to subdivide point comprehension based on the point following task itself rather than



the function underlying the point (Lyn & Christopher, 2020; Tomasello et al., 2007). In this
perspective, there are three categories of pointing based on the proximity of the search items
and of the tip of the pointing hand. These can be examined in the context of a classic pointing

task, where an individual points at one of two items.

Proximal-Proximal pointing occurs when the items are close together, and the point is within
a few inches of the correct item. Distal-Distal pointing is where the items are greater than three
feet apart, and the point is more than a foot away from the item. In both of these instances, point
following can be explained by associative learning mechanisms, namely stimulus enhancement
or associative learning (Mikl6si & Soproni, 2006; Osborne & Mulcahy, 2019; Povinelli et al.,
1999). The third pointing type, Proximal-Distal, involves items that are closer together than in
Distal-Distal points, and the point is greater than 12 inches from the target. In the view of Lyn
and Christopher (2020), this pointing type is only solvable through triadic engagement and the

full suite of unique cognitive abilities that come along with it.

It is appealing to subdivide points to help explain the conflict in cross-species comparisons.
This separation is simple and requires no revisions to existing theories. Unfortunately, these
distinctions are based on relatively arbitrary cut-offs and rely on broad descriptions of relatively
complex gestures. Qualitative descriptions are the norm in describing pointing gestures, and there
remains a need to better understand and more precisely describe the gesture itself. Describing
all pointing tasks as falling into one of three categories based on the proximity of the pointer and
the search items fails to account for other nuances in the tasks themselves. For example, points
are often described as being across the body and to a distant target. But how is this gesture
actually executed? How is the body of the experimenter moving to produce this gesture? Further,
we know fairly little about how non-human animals’ visual systems. Understanding how points
and other social interactions are seen required building an understanding of the base level of
visual attention displayed by this other species. Quantifying pointing gestures and expanding
on classic point following tasks will help to situate our understanding of point following in the

framework of social communication more broadly.
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1.3 The Research Program

In this dissertation, I aim to evaluate a key theory of human unique cognition - the shared
intentionality hypothesis. In service of this theoretical motivation, I present a series of empirical

studies exploring how humans and dogs visually interact with each other.

In Chapter 2, I explore how dogs examine their visual environment in an ecologically
valid task. This provides an important baseline understanding of dogs’ visual context, and
confirms that we now have an appropriate method to look for key predictions made by the
shared intentionality hypothesis about uniquely human visual behaviors. I also demonstrate
that dogs’ visual attention is not well modeled by a strictly bottom-up low-level visual saliency
model, but that they actively direct their visual attention to categories of items differently. This
foundation allows me to proceed with examining a unique instance of visual social interaction -

point following.

Point following is often referenced as an example of collaborative engagement, and we would
expect human toddlers to outperform dogs and follow points at near ceiling levels. In Chapter
3, I compare how dogs and toddlers perform on a complex point-following task. In addition
to adding complexity to the task, I incorporate a quantifiable approach to examining pointing
gestures that helps to capture precisely how the gesture is being produced. I also demonstrate

with an adult sample that the task is easily solvable.

In Chapter 4, I examine how dog owners and their dogs interact on a pointing task. I focus
on this naturalistic interaction and quantify how dog owners point for their own dogs. I focus on
exploring how dog owners potentially integrate various body language cues to support their dogs
in resolving the inherent ambiguity involved in pointing. I also capture how dogs physically
approach the task and compare approach and choice patterns to the behaviors observed in

Chapter 3.

In Chapter 5, I explore how dog owners work with their dogs on an ecologically valid

searching task using a dual eye-tracking set-up. I specifically test for a key marker of “human-

11



unique” visual interactions, joint attention. If joint attention is unique to human beings, as
predicted by the shared intentionality hypothesis, we should not see evidence of this behavior in
human-dog dyads. I also explore if joint attention and another common visual behavior, mutual

gaze, relate to search task performance.

Finally, in Chapter 6, I summarize the dissertation and discuss avenues for future research. I

review key implications from my findings and discuss limitations of the current work.

Chapter 2 is a minimally expanded adaptation of my first-author publication in Cognitive
Science (Pelgrim et al., 2025). Chapters 3 and 4 both expand on my first author publication in
the Proceedings of the 46th Annual Meeting of the Cognitive Science Society (Pelgrim et al.,
2024). Chapter 3 uses a similar task structure and the same analysis approach as Pelgrim et
al. (2024). Chapter 4 expands on Pelgrim et al. (2024) using the same procedure, but with a

significantly larger sample and novel analyses.
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CHAPTER 2

Evaluating Dogs’ Real World Visual

Environment and Attention '

2.1 Background

What does your dog see on a walk? What catches their visual attention? Studying how
individuals visually interact with the world from their own perspective gives insight into their
cognition in contexts ranging from a pet dog scanning for squirrels to an urban search and rescue
dog navigating rubble to find missing people. Egocentric vision research captures the visual
information available to an individual, such as the items present in their environment, from their
first-person perspective, as well as how they allocate their attention to those items. This approach
has become widely used to explore how human infants’ visual environments and interactions
change over the course of development and how these changes impact, among other things, their
developing ability to recognize faces and their acquisition of language. At present, however,
real-world egocentric vision research and a better understanding of how they allocate attention
to and learn from their real-world environment have been, with some exceptions, mostly limited

to humans (Rodin et al., 2021; Smith et al., 2015)

IThis chapter is minimally adapted from Pelgrim et al., (2024) published in Cognitive Science
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The present research uses head-mounted eye-tracking to explore the visual statistics of the
environment and gaze behaviors of the domestic dog, a species closely related to humans by
emotional bond and relied upon by humans in a variety of working roles and as companions.
There is a growing interest in how dogs visually interact with their world. Dogs are relied upon
to navigate the human-built visual world in a variety of work settings (i.e., as guide dogs for
the blind) and as pet dogs, yet little is known about how they allocate their visual attention to

complete these tasks.

It is not currently known how dogs (or canids in general) visually interact with their daily
real-world environment, including the kinds of items that are present in their field of view and
how they allocate their visual attention. Dogs, like many species, might perceive their world as
structured into high level visual categories. In particular, dogs may use a primarily top-down
approach, actively directing their visual attention to certain categories or classes of items. In
this case, dogs, like human infants by approximately six months of age (Hunnius & Bekkering,
2010; Reynolds, 2015), could be visually attending to objects in a sophisticated manner. Dogs
likely have different mental classification of items than human beings, but they may primarily be
responding to the type or category of object. Dogs may also display signs of anticipatory looking,
directing their attention to locations where items of interest could appear. On the other hand, it is
also possible that dogs may only have our shared bottom-up processes but lack any categorical
or identity based understanding of their visual world. This option goes beyond dogs having a
different categorical representation of the world than human beings. Dogs’ vision could be best
explained by a bottom-up process, where they are primarily responding to low level visual cues
and saliency. If this is the case, we would expect that a model of image saliency, a bottom-up
approach that identifies the most salient region of an image on the basis of low-level cues like
brightness and luminance, would capture dogs gazing behaviors. Finally, while unlikely, as a
possibly predominantly olfactory species, dogs’ visual attention may be random or driven by
their noses and not by visual features of the environment. If true, we would expect gaze to be

randomly distributed.
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We aimed to capture how dogs direct their visual attention using head-mounted eye-tracking
to record what items were in the dogs’ field of view (their relative frequencies and sizes) and
which of the items they looked at. We also incorporated computer vision techniques to identify
these items, something that was previously extremely labor intensive. Finally, we compared
dogs’ visual attention behaviors to existing image-saliency models to explore if dogs’ gazing
behaviors were accurately captured by low level visual-perceptual cues. Identifying how dogs
direct their visual attention outdoors is particularly relevant given the numerous real-world

working roles dogs serve in, where they must traverse complex outdoor environments.

2.1.1 Head-Mounted Eye-Tracking

Describing what participants have visual access to is inherently useful and necessary to
explain behavior and available cognitive mechanisms. Head-mounted eye trackers have given us
insight into how infants respond to their mother’s voices (Franchak et al., 2011) and how infants
and parents coordinate joint attention to items (Yu & Smith, 2013). They have also been used to
capture how visual attention changes over development. As children transition from crawling to
walking, they move from looking at the floor in front of them while in motion to looking at walls,
items, and caregivers. This changes their frequency of looks to caregivers because in order to
look at their caregiver, crawlers have to stop and either sit or crane their heads, whereas walkers
can stay in motion and look ahead (Kretch et al., 2014). An improved understanding of infants’
visual experiences has informed theories on language acquisition, namely that a statistical
learning framework can reasonably be applied to word learning because of the distribution of
item frequencies in naturalistic scenes. For example, the first nouns that children learn tend
to be those items most frequently present in their environments (e.g., spoon, bowl) (Clerkin
et al., 2017; Smith et al., 2018). In sum, the items present in a child’s environment support their
learning and development. Capturing the types and distribution of items in children’s visual
environments has informed our understanding of their development across cognitive and social

domains (Jayaraman & Smith, 2020).
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The present study seeks to describe and categorize both the visual information available to
dogs in their daily environments, as well as characterize how they direct their attention within
that space. We took an ecologically valid approach to understanding dogs’ attention in their daily
environment by having dogs walk with their guardians in a normal fashion along a predetermined

route.

Our study had three major aims. First, we explored the relative frequency that items were
present in dogs’ field of view, providing us with an understanding of the items available for
dogs to look at in an ecologically relevant context. Second, we evaluated how dogs looked at
the items in their field of view, exploring for consistency in looks across exposures to particular
item classes (e.g., people) when those items were present in the environment (i.e., if they looked
at a person each time there was a person in their field of view or if they rarely looked at people
while people were in their field of view). We evaluated this using the proportion of time dogs
fixated on the item relative to the amount of time that item was in their field of view. We
particularly wanted to explore the social domain, namely if people were looked at consistently
across exposure and if they were looked at more than other non-social items. We also examined
if dogs’ visual attention to items in their field of view was predicted by the item categories
present in their visual environment or could instead be explained by low-level properties of items
rather than the identity of the item class, using image saliency analysis. Our third aim was to
look for any individual differences in visual attention to item classes between dogs, considering
both the items in their view and which of those items they looked at. It is possible that dogs may
differ in what items they find visually interesting, which could result in differences both in the

items in their field of view and in which of those items they looked at.

Historically, this work would have been logistically challenging due to the time required to
annotate the items present in the dogs’ field of view. We developed a computer vision pipeline to
identify each of the items in the image on a pixel level, segmenting out the individual items from
the broader image and then applying class labels to each pixel-identified item. Potential classes

were determined in advance based on common items present across multiple dogs’ walks. We
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then integrated the eye-tracking data to provide a label for the item the dog was gazing at for

each fixation.

2.2 Behavioral Methods

2.2.1 Ethics Note

This study was approved by the Brown University Institutional Animal Care and Use
Committee (IACUC), protocol number 20-05-0002. Procedures were in accordance with the
ASAB/ABS Guidelines for the Use of Animals in Research and complied with the United States
Department of Agriculture Animal Welfare Act & Regulations. All participants were pet dogs

who were walked by their guardians throughout the session.

2.2.2 Participants

Participants were 11 dogs (Female = 7, Mean Age = 6.5 Years) recruited for participation in
a broader eye-tracking training program. Dog breeds represented were 1 Miniature American
Shepherd, 1 Australian Labradoodle, 2 Golden Retrievers, 2 Labrador Retrievers, and 5 Mixed
Breeds. Each dog was recorded walking along the route once. An additional 2 dogs were
excluded from data analysis due to camera displacement (n = 1) and a refusal to walk while in
the goggles (n = 1). Dogs were chosen for suitability with the eye-tracking training program and
the guardian’s willingness to complete the training. Prior to participation in this experiment, dogs
were trained at home by their guardians to wear the eye-tracking goggles using commercially
available dog goggles following the methods described by Pelgrim et al. (2022). The purpose of
this training was to acclimate dogs to the goggles so that they were comfortable wearing them.
Dogs were approved to begin participation if guardians reported they were comfortable walking

and behaving normally at home and outdoors, wearing training goggles for at least 10 minutes.
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2.2.3 Procedure & Materials

Throughout sessions, dogs wore a custom-developed head-mounted eye-tracker consisting
of two cameras affixed to dog goggles (Positive Science, Inc.). One camera records the dog’s
right eye via an infrared eye camera with an adjacent infrared emitting diode (hereafter the
eye camera). The other camera (hereafter the scene camera) recorded the dogs’ first-person
perspective, recording a field of view of 101.55° horizontal and 73.60° vertical. Videos from both
cameras were digitized at 29.96 frames per second. This apparatus, acclimation, and calibration
procedures are adapted from comparable models in other species and has been validated in
dogs using alternative methods (Figure 2.1; Pelgrim et al., 2022). Dogs also wore a harness

throughout their session to hold the video recording pack and its battery.

Figure 2.1: (A) A dog wearing the eye-tracking goggles which had two cameras. (B) The dog’s
eye recorded from the eye camera. (C) The dog’s view recorded by the scene camera. (D) The
dog’s view with their gaze indicated by the blue circle.

Prior to starting their walk, dogs first completed a calibration procedure. This procedure

allowed for the dogs’ eye movements as recorded from the eye camera to be mapped onto
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the field of view recording from the scene camera, the result being the dogs’ gaze (or where
in their environment they were looking), which could be extrapolated offline for the entire
recording, after the session (Pelgrim et al., 2022). Consistent with previous work, we calibrated
the eye-tracker when the experimenter drew dogs’ attention to specific points using a treat.
The dog’s guardian held their dog’s head stationary while the dog followed treats held by an
experimenter, via eye movements alone, through 5 unique points in space. Each point in space
where the dog looked at the experimenter provided a known point, meaning that the positioning
of the dogs’ pupil and corneal reflection was linked to where in their first-person view they were
looking. The 5 points were chosen to be spread widely across the dogs’ first-person view, thus
requiring a wide range of eye movements. These eye movements made the offline extrapolation
of the point of regard for the entirety of the walk using eye-tracking software more accurate.
During the calibration procedure, a removable handheld screen was plugged into the recording
pack to allow the experimenter to verify the eye camera was recording a clear and centered
image. After the dog looked at the experimenter in all 5 points, as judged by the experimenter,
the LCD screen was removed. The calibration procedure was completed both before and after
the walk to provide enough known points for 1) a successful calibration and 2) verification of

that calibration accuracy (more details in Data Coding & Preparation).

Following the first calibration, dogs walked with their guardians, following the experimenter’s
directions, along a pre-set route. The route was 0.5 miles and was chosen for its variety of
scenery, including both city streets and quiet campus greenspaces. Guardians were instructed to
walk their dog as normal, and the experimenter followed behind or adjacent to the dog-guardian
pair. If at any point during the session, the eye-tracker was disturbed or shifted (i.e., the dog
shook their body or brushed against a wall), the fit was adjusted, and the eye image was verified.

In the event of tracking disruption, the calibration procedure was also repeated.
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2.2.4 Data Coding & Preparation

After the session, video data recorded from the eye and scene cameras were combined
as described above, using between 4 and 9 calibration points (Yarbus eye-tracking software,
Positive Science Inc.). This process identified both the timing and the direction of dogs’ gaze,
referred to from here on as fixations. Fixations were defined as a stable eye positioning lasting
for 100 ms or more as determined by the eye-tracking software in keeping with past work
(Pelgrim et al., 2022). More specifically, the timing (start and stop in ms) and the dog’s point of
regard in the visual scene (defined by x-y coordinates from the scene camera) was identified for

each fixation.

This eye-tracking system has previously been established to have a spatial accuracy of
approximately 2 to 4° in humans (Franchak et al., 2011; Watalingam et al., 2017), around 4°
in peacocks (Yorzinski et al., 2013) and around 3.6° in dogs indoors (Pelgrim et al., 2022).
The spatial accuracy of the eye camera mapping onto the scene for our outdoor walks was
calculated, as in past work, using the unused points from the calibration procedure. The distance
between the extrapolated point of regard (where the eye-tracking software calculated the dog to
be looking) and the known point of regard (where the dog was known to actually be looking,
namely at the treat bag in the experimenter’s hand) was calculated for approximately 20 frames
across the calibration points not used for the mapping, providing the spatial accuracy of the

mapping, in degrees, for each dog.

The spatial accuracy for the present sample was 5.32°. This is less precise than past imple-
mentations mentioned above. However, it was to be expected given that this is the first time
this system has been deployed outdoors under natural variable lighting conditions. Further, the
spatial accuracy of the tracking for each dog was accounted for when determining dogs’ fixated

items, creating a region of fixation for each look.
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Image of a dog looking to
its guardian, The s
computer vision algorithm |
identified a person, the
pavement, the sky, a car, a
vertical plant, and a bus.

ahead and the person. The
algorithm identified a
person, the pavement, the
sky, buildings, horizontal
and vertical plants, and a
pole

Figure 2.2: Two examples of images segmented from items from the test set, using our MaskR-
CNN approach. Left - original image, captured by the head-mounted camera. Right - fine-tuned
MaskRCNN’s predicted segmentation masks. Shaded field indicates the identified item and the
dashed rectangle shows the outer boundaries of each item. Unique class labels are bolded for
easier visualization.

Each fixation was segmented into the items present (and therefore available to be looked
at), and coded for the classes of those items (see Figure 2.2), the identity of the item (or items)

the dog was looking at, and the relative proportion of the dog’s field of view taken up by each
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item (a function of both the item’s proximity to the dog and the item’s absolute size, see below),
using computer vision techniques (see Computer Vision section). One limit of our relative size
calculations is that our eye-tracking cameras do not record depth information, so object size and
proximity cannot be separated (objects that are close will be recorded as larger, large objects
in the distance will be recorded as smaller). The classes of items were chosen ahead of data
collection as they were consistently present on the pre-determined route. 15 items were chosen

in total based on the items available in the real world for multiple dogs (Table 2.1).

The primary focus of this study was how dogs interact with their world visually, so instances
where dogs were relying on another sense (such as while sniffing), were removed. Sniffing
bouts were defined as looks where two or fewer items were present in the environment. As an
example, when a dog was sniffing a pole, the only items visible in the environment were the pole
and the plant and both were so close to the camera that it is unlikely that the dog was visually

considering them.

In some cases, the dog could be fixated on at a location occupied by more than one item (see
Figure 2.3). To determine which item(s) the dog was gazing at, we examined the items identified
by our computer vision output that were present in the fixated region (the target of fixation plus
the calibration margin of error for each dog). For each item present in the fixated region, we
weighted the item according to how much of the fixated region it occupied (Figure 2.3). For
example, as in Figure 2.3, if approximately 50% of the pixels in the fixated region were occupied
by an item in the class horizontal plants, and approximately 25% each by items in the classes
vertical plants and buildings, the fixation weight would be 0.25 each for the building and vertical
plants, and 0.5 for the horizontal plants. For each fixation, we also weighted the duration of time
spent looking to each class contained within the fixation region based on the proportion of the
fixated region that item occupied (i.e., a 200ms fixation to a region containing 50% sky and 50%

building would count as 100ms to each of the two classes).
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Table 2.1: Looking Behaviors to Classes Across Dogs

Object

Avg. proportion Avg. proportion Avg. size when in

of time in view of time fixated view (SE)

(SE) while in view
(SE)
bench / chair 0.033 (0.005) 0.012 (0.004) 0.01 (0.001)
bicycle 0.024 (0.007) 0.099 (0.032) 0.031 (0.003)
building 0.878 (0.022) 0.144 (0.012) 0.145 (0.015)
bus 0.008 (0.005) 0.348 (0.094) 0.187 (0.024)
car 0.299 (0.05) 0.064 (0.015) 0.027 (0.003)
construction 0.011 (0.003) 0.145 (0.04) 0.044 (0.007)
pavement 0.885 (0.047) 0.381 (0.069) 0.336 (0.027)
person 0.389 (0.067) 0.157 (0.034) 0.131 (0.017)
plant_horizontal 0.616 (0.041) 0.174 (0.032) 0.18 (0.019)
plant_vertical 0.934 (0.018) 0.269 (0.058) 0.212 (0.02)
pole 0.168 (0.019) 0.027 (0.008) 0.022 (0.003)
scooter 0.008 (0.002) 0.077 (NA) 0.012 (0.006)
sculpture 0.037 (0.005) 0.036 (0.01) 0.015 (0.004)
sign 0.013 (0.003) 0.049 (0.011) 0.028 (0.009)
sky 0.838 (0.022) 0.07 (0.026) 0.075 (0.01)

Note. Only one fixation to a scooter occurred, so there is no SE for that class.

Figure 2.3: The procedure used to estimate the probability distribution over fixated objects.
Left-to-right: given the fixation region in the image identified in grey (Left) we consider portions
of predicted object masks that intersect the fixation region (Center) in our estimate. We estimate
the probability of the fixation towards a given class (e.g. class “A”) by normalizing the total
number of pixels in the intersection belonging to the given class (i.e. the pixels in intersection
belonging to “A”) over the total number of pixels belonging to all classes in the intersection (i.e.
pixels in intersection belonging to “A”, “B” and “C”)
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2.2.5 Image Saliency Analysis

Dogs could be directing their attention based on interest in different item classes, or it could be
a more bottom-up process driven by low-level image features contributing to increased saliency
of regions of the image. To examine what a bottom-up visual approach would look like, we
conducted image saliency analyses using Saliency Toolbox Version 2.3, a well-established and
validated model (Walther & Koch, 2006). For a given image, Saliency Toolbox generates feature
maps for standard low-level image features (i.e., luminance, color intensity and opponency,
orientations) which are then combined, eventually resulting in a saliency map. Dogs have
different color vision than humans do, so to account for this we conducted our image saliency
analysis first in greyscale, and then in full color. This allowed us to compare dogs’ observed
real-world fixations to their expected fixations within the same images if their gaze was primarily
driven by low-level image features. If fixations predicted by the saliency model generally align
with dogs’ real fixations, it would suggest that dogs’ visual attention is primarily driven by
low-level image features. In contrast, if the saliency model is a poor predictor of dogs’ real-world
fixations, while item class is a better predictor, it would suggest that dogs’ visual attention is

being driven by more complex factors, including item category or identity.

2.3 Computer Vision

2.3.1 Methods

Our head-mounted eye-tracking approach generates an average of 1063 fixations in an 11
minute walk. It is therefore not practical to manually annotate the items present in each fixation.
Manually annotating the items present from the look image at each fixation would have taken
around 1,200 hours based on the time taken to annotate the dataset used for training and testing
our computer vision approach. Using computer vision significantly reduced the time required
to identify the items in dogs’ look images. After the computer vision approach was trained,

each dog’s complete walk could be annotated in a matter of minutes. Our aim was to automate
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the segmentation of images into items, the classification of those items, and the identification
of the items the dog was gazing at. To do this, we utilized an automated computer vision
method for panoptic segmentation (simultaneous identification of items within the image and
their item classes). This approach served to identify and label the item classes present at each
fixation (Figure 2.2). We used an off the shelf object identification algorithm (Mask R-CNN with
ResNet-101-based Feature Pyramid Network backbone (He et al., 2018) that was pre-trained on
Microsoft Common Items in Context, a publicly available image data set (Lin et al., 2015). We
then adapted and trained it using a training set of annotated scene images taken from our own
data. We used 610 manually annotated images from our dataset for training and an additional
621 images testing. Images were annotated by human coders who were trained to identify each
of the item classes. Coders were instructed, for each image, to create a polygon around each
of the items from our identified list. Any items not in the class list were left blank. Training
and test sets contain comparable distributions of item classes. See Figure 2.2 for an illustration
of how the model functions. We find that our fine-tuned model performs well in matching the
ground-truth annotations from our test set. After confirming our model’s performance on the

test set we ran it on our remaining data.

After the images were segmented into items and labeled, we integrated the eye-tracking
fixation data (in conjunction with the spatial accuracy of the eye-tracking system) to create a
probability distribution of the potential fixated item class, in order to create a fixation weight
as described above (Figure 2.3). We used the calibration error of the eye-mounted camera
to estimate the radius of error around the fixation pixel; we assumed that the true fixation
is expected to lie within this fixation region. To estimate a distribution over fixated items,
we normalized the pixel counts for each identified object within the intersection by the total
number of pixels in the fixated region assigned to an item class; this generated a probability
distribution over possible fixation items for the image. Figure 2.3 highlights a visual example of

this probability distribution computation, as discussed earlier.

Across the 11 dogs, a total of 11,698 fixations were recorded spanning 102,868 frames.
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After eliminating sniffing bouts, or look images that contained 2 or fewer items in the view as
described in data coding and analysis, as well as those that did not result in any predictions from
our computer vision analysis, 10,296 look images remained. This set was used in subsequent

calculations and analyses.

2.3.2 Computer Vision Results

We first verified that our computer vision model generalized. To be successful, our computer
vision algorithm needed to accurately identify item classes across the whole of the image,
matching in overall coverage and class label with our human annotated images (our ground
truth). To evaluate our model performance, we evaluated performance across metrics, specifically
overall image coverage by identified items, class-specific coverage, and fixated region class
identification. We also examined both the true positive rate, false positive rate, and the confusion
on a class-by-class level (Figure 2.4). All model evaluations were done by comparing our model

annotated test set to the ground truth data.

First, we compared the overall coverage of the image from our computer vision model to
our ground truth. The average percent of coverage over the frame (consisting of the total area
of all model identified item classes) across the 4 dogs in the test set, was smaller in area than
ground-truth masks. Our fine-tuned model covers on average 84% of the image, relative to the
93% average of our human annotators. Given this reduction in coverage, we next wanted to
evaluate if this resulted in changes in the classes identified in our fixated regions, a critical part
of our analysis. We found that they did not significantly impact class distributions for fixation

predictions.
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Figure 2.4: Confusion matrix comparing, for our test set, the frequency of identification of an
instance of a class relative to its ground-truth occurrence. Items classes as “background” mean
that our algorithm failed to identify the item as a class.

Next, we examined the overlap of the generated classes to the ground-truth classes. We
evaluated the Intersection Over Union (IoU) or the number of pixels from each of the model
identified classes overlapping with the ground-truth classes, normalized by the number of pixels
in the union of the predicted and ground-truth identified classes. We found that the fine-tuned
model achieves IoU substantially greater than chance — indicating that the generated masks

identifying the item classes are semantically relevant. The median IoU across all classes is 60%
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(10 times higher than chance) with a maximum IoU of 85% for the “bus” class and a minimum
IoU of 42% for the “pole” class. In comparison, the maximum IoU by random chance is 8% for

the “sky” class.

2.4 Statistical Analyses

As a first step to understanding how dogs’ view natural scenes, we quantify the items present
in dogs’ field of view. We report on the proportion of time each item class was present. We then
conducted a 15 (item class) by 11 (dog identity) ANOVA to explore the impact of class and dog

identity on the average proportion of time items were in view for each dog.

Our next goal was to examine how dogs directed their visual attention at the items present
in their environment. We considered a number of factors that could impact how dogs look at
item classes, specifically class identity, dog identity, and item size. To explore the impact of
dog identity and item type, we conducted a a logistic regression with a firth’s correction using
the logistf package in R exploring the coded binary fixation data as a function of the item class,
dog identity, and an interaction between dog and item class. To conduct this analysis, we used a
subset of the classes, exploring only those classes (11/15) that were present in all dogs’ views
(removing buses, signs, construction equipment, and scooters). We also conducted post-hoc
pairwise comparisons using a Tukey correction. To examine the impact of object size, we first
conducted a Spearman correlation relating the average size of the item class to the time fixated
on that class (relative to the time it was in view). Next, we used a linear mixed effects model
to integrate the possible contributors of visual attention, examining the fixation duration as a
function of the fixated item class(es), size of fixated item(s), and a possible interaction between

the size and item class. We also included a random intercept for each dog.

As a final step, we evaluated the saliency models’ predictions for where dogs would look,
if their attention was driven primarily by low level image features, against our fixation data by

evaluating the Area Under the Curve (AUC) of the Receiver Operating Characteristics (ROC)
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(Bylinskii et al., 2019). This compares the accuracy, using true and false positive rates, of the
saliency model, relative to the ground truth from the fixation data. We used AUC-Judd, a variant
on AUC with a repeated threshold approach. For each potential threshold on a pixel-by-pixel
level, all points above the threshold are considered “fixations”. Instances where the actual
fixation overlaps with the predicted “fixations” based on threshold are considered true positives,
and the points that are above threshold but do not overlap with the true fixated region are
considered false positives. The ROC curve is plotted from these two values, and AUC-Judd
scores can range from .5 (random classification) to 1 (perfect performance). (Bylinskii et al.,

n.d.; Judd et al., 2012).

2.5 Behavioral Results & Discussion

2.5.1 Items in View

Our first aim was to explore the items present in dogs’ field of view during their walks.
This is a necessary first step to understand how dogs direct their attention within their field of
view. We found a significant effect of item identity, F (14, 140) = 172.07,p < .001, nl% =0.95,
confirming that some item classes were more commonly present in dogs’ view, and available to
be looked at, than others. On average, dogs tended to have common scene components—plants
(horizontal and vertical), pavement, buildings, and the sky—present in their field of view on the
majority (> 50%) of their fixations. In addition to these ubiquitous items, dogs had certain
categories of items available for gaze moderate amounts of time ( < 50 % and > 10 % of
fixations). These included people, cars, and poles. Finally, some categories were rarely in dogs’
view, including sculptures, benches/chairs, bicycles, signs, construction equipment, buses, and
scooters. See Table 1 for a summary of the proportion of time all coded item categories were in
view. We also found no effect of dog identity, F(10,140) = .879, p = .55, n; = 0.06, meaning
that the dogs in our study encountered similar item classes along their walk, and did not differ in

the proportion of time that different item categories were in their view. Given that dogs walked
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the same route, they had the opportunity to orient their fields of view towards many of the same
static items (e.g., buildings) for comparable amounts of time. However, it is still notable that
dogs’ different sizes, training experiences and personalities did not result in them directing their

heads to markedly different items on their walks.

2.5.2 Image Saliency Analysis

For our full color analyses, AUC-Judd was 0.67. Similarly, the AUC-Judd for greyscale
analyses was 0.66. 0.5 is expected by chance, and 0.92 is the maximum (Judd et al., 2012).
This suggests that the saliency model is a poor predictor of dogs’ looking behaviors, or that it’s

unlikely dogs’ fixations are driven solely by low-level image saliency features.

2.5.3 Relative Time Looking to Items

Our second aim was to explore how dogs allocated their visual attention to the items in their
view (Figure 2.5). As mentioned previously, it is possible that dogs are not attending to items on
the basis of class, but are looking randomly at the items in their view. In an extreme case, dogs
could not be actively directing their visual attention at all, passively encountering classes of
items as they appear. If this is the case, we would expect dogs’ fixations to items to be uniform
across classes, when controlling for the time those items were in view. In contrast, dogs may be
actively directing their visual attention, selectively looking to certain classes more than others
when they are available in the environment. Dogs may also differ in the way they direct their
visual attention, and this individual difference may interact with the class identity. For example,
some dogs may fixate on a class the majority of time it’s in their view, while others never look

to that class.
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Figure 2.5: Average proportion fixated to each class, relative to the time the class was in view.
Dots indicate individual dogs’ averages.

We first explored in a binary fashion how often dogs fixated to an item class when it
was in view, and if this differed across dogs or potential dog-class interaction. We found a
significant main effect of item class, y2(10) = 1348.97, p < .001. This suggests that dogs are
not uniformly or passively observing the items in their field of view but are actively directing
their attention to certain classes of items. For example, dogs looked frequently to people,
15.7% of the time they appeared. In contrast, dogs only looked to benches and chairs around
1.2% of the time they were in view, and post-hoc pairwise comparisons exploring these class
differences with a Tukey correction revealed that looks to these two classes were significantly
different, 7(51368) = —5.805,p < .001. This was one of many significant differences by
class. Dogs also looked significantly more to people than other asocial classes like sculptures,

1(51368) = 5.137, p < .001, and the sky, #(51368) = 16.346, p < .001.

In past screen-based eye-tracking research in dogs, plants and sky have been used as the
background material to explore how dogs look at the primary subject of the image, typically
a person or animal present in the foreground (Tornqvist et al., 2020). Interestingly in our

sample, dogs were interested in plants, and looked at them relatively frequently. Dogs looked
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to vertical plants (like trees and bushes that could not be easily moved through by the dog)
26.9% of the time they were in view. This was significantly more than they looked at people,
1(51368) = —17.154,p < .001. In contrast, another frequent background item from screen-
based eye-tracking, sky, was almost never actually looked at by dogs. The sky was nearly
ubiquitous in dogs’ view, present and available for view on average 83.8% of fixations, yet dogs
looked infrequently at it, only looking at the sky 7% of the time it was in their view (Table
1). This suggests that, unlike plants, in a real-world context, the sky is treated by dogs as
background, or at least not something that is worth attending to. Dogs also attend frequently to
the ground in front of them, looking to the pavement 38% of the time it’s in view and looking
to horizontal plants (like grasses that could be walked on) around 17.4% of the time in view.
These looks may be for navigational or wayfinding purposes, as past research in adult humans
and in children suggests that when navigating in a real-world context, people often look to the
ground, helping us to map a path forward and to avoid obstacles. In prior work adults look to the
ground 20% to the ground while navigating parking garages de Winter et al. (2021) and 55.9%
to street edges and the ground while navigating urban streets Simpson et al. (2019). When
navigating obstacles, adults looked to the obstacles on the ground 31.8% of the time, much less
than children from the same study who looked at the obstacles 58.9 % of the time Franchak and

Adolph (2010).

From the same binary fixation analysis, we found no significant main effect of dog identity,
x%(10) = 4.15, p = 0.94. However, we did observe a significant interaction between dog identity
and class on fixation behaviors, x?(100) = 3997.19, p < .001. This suggests that there were
individual differences in the priority with which dogs fixated to classes. For some classes, there
were significant differences between dogs, and dogs were not all alike in which classes they
found visually interesting. As an example, when considering the relative amount of time dogs
spent looking to people in their environment, one dog looked at people 46% of the time they were
in her view. Post-hoc pairwise comparisons using a Tukey correction found that she looked to

people more than most other classes, including items like buildings, #(51368) = —5.96, p < .001,
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horizontal plants, #(51368) = 10.843, p < .001, and sculptures, #(51368) = 4.60, p < .001. In
contrast, another dog looked at people only around 5% of the time they were in her view, and
pairwise comparisons showed she did not look significantly more at people than at any other
class (p > .05). Post-hoc pairwise comparisons using a Tukey correction also found that these
two dogs different in how much they looked at people, #(51368) = 4.21, p = .001. In contrast,
for other classes like benches and chairs, dogs were quite consistent in their looking behaviors.
On average, dogs looked rarely to benches and chairs when in view and there were no significant
(p < .05) individual differences in fixations to benches and chairs. Our results suggest that dogs
differ in how visually interesting they find some, but not all, classes of items. There is little
doubt that dogs do experience the world differently, and their size and life experiences may play

a role in this.

2.5.4 Impact of Item Size

In addition to the identity of the fixated items present in dogs view, we explored how dogs
looked at items as a function of class size. It’s possible that dogs are not gazing selectively,
but are simply gazing at the things in their environment that take up the most space. If they’re
selective, we could expect that dogs would occasionally look to items that are comparatively

smaller, either because the object itself is smaller or because it’s far away.

Across walks, items differed in size, both within and between items. We measured size
by the proportion of the dogs’ field of view they occupied. Some items, like sculptures and
benches/chairs were consistently small in dogs” views (Mscuiprure = -01,8D = .04, Myepcn /chair =
.01,8SD = .01). In contrast, other items tended to take up large portions of dogs’ view and
varied widely in size (i.e., Mpavement = -35,8SD = .17, My1anthorizontar = -19,8D = .19). On 4,453
fixations, or 43.25% of fixations they fixated on things that were not the largest item, the largest
class in view was one of the fixated items, as determined from the probabilistic fixation data
across the region of fixation. On just over half of their total fixations, dogs looked to the largest

item class in their view at that moment. On these looks, the object took up an average of

41



M = .46,5D = 0.14 of the dogs’ field of view.

The average size of the item was correlated with dogs’ fixation to that item. Using a Spearman
correlation, we found a significant positive correlation between average size of item class and
time fixated on that class (relative to the time it was in view), ry = .751, p < .001. While it is
interesting that dogs are tending to look at larger items, conclusions from these results should
be limited, as the directionality is unknown. More specifically, it’s likely that dogs will turn
their heads and/or move toward items of interest, thus making them bigger. However, it’s also
likely that larger items may be more attention-grabbing, and dogs may be more likely to see
them (vs. smaller items which could be equally or more interesting but more easily missed). In
this study, we were not able to determine the distance of the items which further limits potential

conclusions about the impact of item size on dogs’ visual attention.

A major advantage of head-mounted eye-tracking is the use of real-world stimuli and mobile
participants, and in this case, our results suggest that dogs may consider at least some plants to
be items of interest, exploring them visually and through other sensory modalities (the majority
of sniffing bouts that were removed included plants and poles). However, they do not appear to
consider the sky as an item class worth investigating. Further research is needed to make more

nuanced conclusions about dogs’ response to plants and other potential background items.

We explored the duration of each of dogs’ fixations (n = 10,296, M = 301.8 ms, SD = 481.09
ms) as a function of the class of item they were looking at, the size of that item they were
looking at, and a possible interaction between the size and item class using a linear mixed effects
model with a random intercept for each dog. Fixations, due to our probabilistic approach, could
have multiple items. Considering each of these, we had a total of 16,166 individual targets of
fixation. Dogs fixated longer on some item classes than others, y%(14) = 111.49, p < .001. As
an example, dogs’ fixations to benches/chairs tended to last for a short time (M = 166.67 ms,
SD = 47.14 ms) but dogs’ fixations to cars (another infrequently appearing item) lasted much
longer, and were much more variable (M = 380.87 ms, SD = 582.55 ms). From the same model,

we found no main effect of the fixated item size relative to the current view, x2(1) = .19, p = .66,
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suggesting that dogs’ fixations were not significantly longer based on the size of the item they
were fixating on. Finally, in the same linear model, we found a significant interaction between
item class and fixated item size, y%(13) = 37.91, p < .001. This suggests that for some item
classes dogs had longer individual fixations in response to larger instances of the item, but that
this was not true for all classes. We found little variance explained by our random effect per

participant (/CC = 0.053).

2.6 Discussion

The present study aimed to explore both the items present in dogs’ visual environments as
well as which of those items they chose to look at. We integrated computer vision techniques to
identify and classify items from the dogs’ perspectives. We found that we were able to identify
and classify the classes of items available in the dogs’ view and how they directed their attention
to them. Within our sample, dogs were similar in the item classes they had in their view, mostly
encountering plants, buildings, the sky, and pavement. Dogs’ visual attention is active and is not
just driven by the low level image saliency features (e.g., luminance, color, orientation). Instead,

dogs attend selectively to certain item classes.

In our sample, relative to the frequency of the items in their view, dogs fixated proportionally
the most to buses, plants, pavement, people, and construction equipment. Of these, buses, people,
and construction equipment were all relatively uncommon in dogs’ field of view. Dogs looking to
plants relatively often was unexpected, as plants are often considered to be background material,
similar to the sky which dogs rarely looked to. Further research is needed in an ecologically
valid context like the one presented here to further explore what components of plant material

dogs are interested in.

We also found suggestions of visual neophilia in dogs, with dogs looking more to unusual
and highly variable items, specifically construction equipment. However, dogs were not simply

visually attracted to items that are uncommon along our walking route. Infrequently appearing
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items along our route that are ubiquitous in dogs’ daily lives (i.e., benches and chairs) were
rarely looked to. It is unlikely that any of the dogs in our sample were encountering entirely
novel item classes, and future research could consider incorporating novel item classes based on
dog’s past experiences to evaluate if this interest in construction equipment is related to its rarity
in dogs’ lives or something more tied to the class itself (large brightly colored equipment placed
in unusual situations). In our sample, dogs did fixate differently to different classes of items.
Some classes like benches and chairs or signs were consistently uninteresting to dogs, but other
classes, like people, had significant variation between dogs. The relative consistency in item
class presence suggests there may be possible true individual difference in attention to stimuli,
including attention to social vs. non-social item classes. This is an interesting interaction, and
future work should aim to detect more nuanced individual differences, potentially by recruiting
more dogs from a variety of breeds or with more diverse life experiences. Despite this, our
findings of individual differences must be treated as preliminary, due to variation in factors such
as the time of day, and the presence of mobile item classes (e.g., people, buses) between walks,

and variation in the behavior of different dog-guardian dyads (we return to this below).

Like human adults (de Winter et al., 2021; Simpson et al., 2019), dogs frequently attend to
classes (i.e., pavement, horizontal plants) that are directly related to ground navigation, helping
to find a smooth path and monitor for potential obstacles. Prior work in children (Franchak &
Adolph, 2010) has suggested that children also fixate on obstacles in their environment while
wayfinding to a similar extent. Future work could explore whether dogs’ fixation patterns to
obstacles not related to wayfinding in their environment are similar to children, both in their
frequency and timing. This would provide interesting comparisons to what is attention grabbing
between the two species. Young children and dogs’ similar height means that the obstacles and
items they encounter in daily life are approached from a similar visual angle, and future work
can consider direct comparisons to how they direct their visual attention in complex real-world

environments.

Future research can expand on the item classes identified here. Anecdotally, we noticed that
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on many fixations to buildings, dogs were specifically looking to the doors and windows of
buildings. This pattern was also observed with busses, with dogs often looking at the door of
the bus. It’s possible that dogs are looking to these portions of buildings and busses because
of anticipated functionality (i.e., dogs look to doors of the buildings because they could enter
through the door) or for anticipatory social reasons (i.e., people often appear in doorways
so doorways are more interesting because of this potential). While this was an interesting
observation, due to the limited spatial accuracy of the eye-tracking system given the variable
outdoor lighting conditions, we were not able to determine with confidence what component
of buildings dogs were looking to on all instances. With increased camera resolution or image
enhancement, future work can explicitly identify whether, for instance, dogs look more to the
door of buildings and cars than they do to the walls of buildings and bumpers or tires of cars
(strictly non-social components). This would provide additional insight into dogs’ potential
preference for visually attending to social parts of their environment, which could further our

understanding of how dogs’ complete complex social tasks.

Developing a more nuanced understanding of dogs’ attention to social and potentially social
areas of their environment would also provide an interesting point of comparison to other
non-domesticated canids. While there are no eye-tracking studies in other canid species, prior
work comparing dogs’ and wolves’ gaze behavior has suggested that domestication led to
an increased attention to humans and their faces, evidenced in dogs increased looking back
behaviors and general visual-social attention (Gécsi et al., 2005; Mikl6si et al., 2003). Further,
comparative studies can also explore how children and dogs visually engage with social partners
on comparable tasks, such as when following a point or working with a partner towards a shared
goal. We know that children look to social partners and engage in joint attention tasks (Yu &
Smith, 2013) and we could use a similar approach in dogs to explore if their visual engagement

patterns are similar.

Reactive dogs (those that have a strong arousal response to a given stimuli such as a dog or a

person on a bicycle) would also be promising candidates for use in this paradigm to understand
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how they scan their environments and how they, temporally, respond to triggers. Future work can
consider applying this method, using what dogs find visually interesting to create a predictive
model of behavior for reactive dogs. This could be particularly important for working dogs,
predicting suitability for service roles based on how dogs distribute their visual attention. We
also found, descriptively, that other features of item classes such as movement were also not
large drivers of dog attention. However, many of our item classes moved in a subtle way where
the video quality made potential movement challenging to identify. Future work can consider
staging instances of identical classes in motion vs. stationary to formally examine the impact of

movement on dogs’ visual attention.

Another potential source of social input is the dogs’ guardian. In our study dog guardians
were instructed to walk their dogs as they normally would. No dog guardians actively directed
their dogs’ visual attention, however there were other differences in the behaviors of dog
guardians while walking their dogs. In particular, guardians used different walking styles,
varying in how far their dog typically is from them, and in whether they provided their dog
with verbal navigational directions. It is possible that these different walking styles may have
contributed to differences in dog gaze behavior between different dog-guardian dyads. Limited
conclusions can be drawn about these different walking styles at this time given our limited
sample. Although we opted to encourage normal walking styles, thereby increasing ecological

validity, future work can examine different interaction styles between dogs and their guardians.

Future work could consider exploring how dog guardians looked at their environments in a
comparable context. We might expect that both the physical (height) and cognitive differences
between the two could result in different patterns of looks. It is also possible that dog owners,
when walking their dogs, are following their dogs’ gaze and anticipating where they might look.
If true, the visual patterns may be quite similar. Future research could also consider running
this same study but with human toddlers. Comparable in height to dogs, toddlers may display

similar visual patterns to dogs because of their lowered (relative to adults) visual perspective.

While we excluded intensive sniffing bouts where it was unlikely dogs were engaging in
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intentional visual processing of the items in their view, there is still the broader question of the
relationship between dogs’ visual and olfactory attention. Recent work has suggested that dogs’
olfaction may be integrated into their visual processing, perhaps into a joint representation of
their visual and olfactory environment (Andrews et al., 2022). Therefore, the odors in dogs’
environment may be encouraging them to orient their visual attention to a particular visual target
or region (and visual attention may similarly be guiding olfaction). In these instances, unlike
in our sniffing bouts, attention could still be visual as items are at a distance and reasonable to
process visually. Future work can consider examining how dogs integrate olfactory and visual
features in a naturalistic context, such as examining how search and rescue or other detection

dogs direct their gaze while searching for a person or item.

In this project, we have shown that dogs actively engage with their visual environment. We
demonstrated that this approach (head-mounted eye-tracking) can be deployed on a mobile dog
to capture ecologically valid data on visual attention. We have also shown that dogs are not
looking passively at the environment around them, nor is their looking explained by strictly
low-level image properties. With this method, future work can consider exploring what concept
spaces dogs may have around item categories. In this project, we identified the items of interest
in dogs view using a human concept of “item”. Distinguishing between some of these items
is likely easy for both species (i.e., there are enormous and meaningful differences between
a person and a bench). Selectively looking at certain item classes over others suggests that
these differences are detectable by dogs. This study does not reveal what the dog concept or
representation of these items is and how their representations differ from our own. Dogs may
engage with their visual world in a way that focuses on the affordances of the items present,
meaning the ways in which the dog can physically interact with the item. We also know that
dogs’ olfactory system is highly integrate with their visual one, so they may be focusing on

specific items or item categories on the basis of an integrated visual and olfactory cue.

We can now use this method to explore how dogs complete more complex social tasks to

better test theories of human-unique cognitive abilities. Little is currently known about how,
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visually, dogs build a bond through play with a human companion or how they navigate a
complex physical environment with social guidance, such as in dog agility. Understanding the
visual behaviors that dogs are utilizing to complete daily tasks, and how those differ from key
visual features seen in human-human interactions, will provide insight into social learning and
cooperation in a unique cross-species context. Additionally, being able to measure how dogs
visually interact with the world while completing tasks is a first step to building an eventual
model of dogs’ visual behaviors, something with significant implications for both working dog

and Al training.
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CHAPTER 3

Point Comprehension Across Species !

3.1 Background

How are pointing gestures interpreted? Are the cognitive mechanisms that allow toddlers
to follow points unique to our species? Pointing is one of the most widely studied gestures.
Depending on your theoretical perspective, pointing may be a rich and collaborative communi-
cation of shared intent, or it may be an association with a specific body position learned through
extensive exposure. An existing challenge is distinguishing between what is necessary to solve
the task at hand, and what is actually happening in the mind. Regardless of the interpretation,
point following requires the viewer of the point to notice that a gesture is being made, and to

respond to that gesture in a context-appropriate fashion.

3.1.1 Lean Interpretations

It is possible that point following in young children can be explained by low-level associative
mechanisms. Theories of associative learning have provided a robust source of research for

over 125 years. These theories have changed since the days of Pavlov, but most associative

I'This chapter contains a significant expansion and extension of the analysis approach used in Pelgrim et al.
(2024) published in the Proceedings of the Cognitive Science Society
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theories follow a similar structure. In general, associative theories view learning as the pairing
or connection between previously unrelated things, typically a stimulus of some kind and a
response. This learned connection may result in increases or decreases in behaviors or responses,
depending on the specific paradigm. The response may be voluntary, as is the case in operant
conditioning, where the learner pairs their actions with some outcome. Operant conditioning
can explain learned behaviors ranging from simple, like pressing a lever, all the way up to
extended chains of complex learned actions. Using this mechanism children may learn to follow
a point, or follow the gaze of a pointer (Corkum & Moore, 1998). A child may initially look
at the target indicated by the pointer by accident or by chance. Once they “follow” the point,
they are rewarded with an enriching social interaction. They may even get to play with the
target of the point. This social feedback and play acts as a positive reinforcer, increasing the
probability that the child will perform the previously rewarded behavior in the future. Although
the underlying mechanism of pairing is simple, associative mechanisms can be used to explain

complex behaviors and learning patterns, like avoidance learning or imitation (Lind et al., 2019).

In some sense, associative learning (like the ability for toddlers to follow a point) is a
settled idea. There is little doubt that learning can and does occur via the proposed associative
mechanisms. In domains beyond point following, children selectively learn word labels for novel
objects from individuals who were previously accurate at labeling familiar objects, over those
who were previously inaccurate at labeling familiar objects (Birch et al., 2008; Koenig & Harris,
2005; Pasquini et al., 2007). This is a well-established finding and one that is plausible under
associative mechanisms. Children could learn that one informant tends to be correct (relative to
the other) after being exposed to accurate and inaccurate informants labeling familiar objects.
Further, because associative mechanisms are domain general, children would be expected to
generalize this learned knowledge of accuracy across other domains. This generalization also
termed a halo effect, is found in children. Children expect previously accurate informants to be

more knowledgeable and prosocial (Brosseau-Liard & Birch, 2010).

Lean associative accounts can also explain many of the ways that dogs interact with human
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beings. Puppies who live in homes with humans outperform puppies who live in shelters
by following more difficult points (Zaine et al., 2015). Zaine et al. (2015) argue that this
improvement is due to increased exposure to humans, facilitating associative learning between

human pointing and a reward.

Associative learning mechanisms are also plausible explanations for how dogs are able to
evaluate individuals beyond point comprehension. Dogs are able to make judgments about
individuals based on observing the individual’s interaction with a third party. Also known
as social eavesdropping tasks, in these studies, dogs observe two human informants interact
with a third person. One informant (the generous individual) gives food to the third person,
while the other informant (the selfish individual) does not. Both informants then hold out
pieces of food, and the dog is allowed to choose which person they want to eat the food from.
In these studies, dogs choose the previously cooperative or generous person (Kundey et al.,
2011; Marshall-Pescini et al., 2011). Critically, when the informants change locations after the
observed interaction with the third party but before the dog’s choice (such that the generous
individual is no longer always on the same side as the food transfer), dogs no longer prefer the
previously generous individual (Nitzschner et al., 2014). This provides support for associative
or lean perspectives, as dogs were going to the location that was previously associated with food

rather than making inferences about the individuals.

However, there is still significant debate over the extent to which associative learning
underlies point following and social learning more generally. Children are sensitive to the area
of expertise of an informant, and confine that informant’s trustworthiness to the domain they
are an expert in (Koenig & Jaswal, 2011; Sobel & Corriveau, 2010; Sobel & Kushnir, 2013).
They will preferentially learn from (or ask to learn from) the expert informant when the problem
they need help with is in that expert’s domain. In contrast, for questions in an unrelated subject
area, children do not show the same expert preference. As an example, when presented with
two informants, one of whom is a dog expert, children prefer learning from the dog expert

when presented with novel dogs whose breed they do not know. Critically, they choose equally

54



between the informants when presented with novel objects that neither informant is a known

expert in (Koenig & Jaswal, 2011).

In explicit tests of selective trust towards human informants, dogs’ behaviors are difficult to
explain via associative mechanisms alone. As an example, dogs are sensitive to the knowledge
of an informant in guesser-knower paradigms. In these set-ups, one informant (the knower)
either hides or watches while a third person hides a treat. A second informant (the guesser) does
not observe or participate in the hiding. The dog is not able to see where the treat is hidden.
The informants then both uncover their faces and point at conflicting locations in an identical
manner. Dogs selectively follow the point of the knowledgeable informant, choosing the location
indicated by the knower more often than the location pointed to by the guesser (Catala et al.,
2017; Maginnity & Grace, 2014). Dogs continue to perform successfully at guesser-knower
paradigms when associative cues like food handling, (controlled for by having a third person bait
so the knower does not handle the food), or trial-and-error learning (controlled for by examining

first-trial performance and checking for learning across trials) are minimized.

Lean interpretations of point following are challenged by tests of point following on the basis
of prior informant accuracy. An ability dogs appear to share with human children, both species
are able to use past informant accuracy to selectively trust, choosing the location indicated by a
previously accurate individual significantly more than the location pointed to by a previously
inaccurate person (Pelgrim et al., 2021). Unlike human children, it is not currently known how
dogs will respond to probabilistic informants. More specifically, dogs are able to selectively trust
informants on a binary task (trusting an informant who was 100% correct vs. an informant who
was 100% wrong). However, no study in dogs has examined informants with varying degrees
of accuracy (i.e., 75% correct vs. 25% correct or 75% vs. 0%) as has been done in children
(Pasquini et al., 2007). 4-year-old children can use probabilistic accuracy to selectively trust an
informant who was previously wrong (e.g., 75% correct), but who was more accurate than the
other informant (e.g., 25% correct). 3-year-olds are unable to selectively trust informants based

on past accuracy when that accuracy is probabilistic, such that both informants were wrong at
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least once. 3-year-old only succeeded when one informant was 100% correct and the other was
25% correct (Pasquini et al., 2007). If associative learning was the sole mechanism for pointing
comprehension, children should not have a complete avoidance of informants who make errors

at age 3, and then lose this bias a year later.

3.1.2 Rich Interpretations

It is possible that pointing in young children and in other species is a rich social-communicative
gesture. Points could serve as bids for joint engagement, and as a way to collaboratively engage
in shared goals and intentions without necessitating language. If true, the point is a uniquely

human gesture that facilitates joint attention (Butterworth, 2003; Tomasello et al., 2007).

Under the view of rich pointing interpretations, pointing without rich “what” and “why”
mental explanations is a fundamentally underdetermined problem (Tomasello et al., 2007). In
real-world contexts, points are frequently used to refer to specific sections of larger overlapping
objects. In the context of word learning, even into adulthood, identifying what is being referred
to in a point is critical. For example, a learner is playing chess for the first time. Their teacher
points with the accompanied verbal cue “this is the bishop”. Without an understanding of “why”
and “what” this gesture is ambiguous. To make sense of this verbal label and gesture, the learner
must know that the bishop is a piece in the game they are preparing to play, that the small figurine
is representing the piece we refer to as the bishop, and that the term bishop does not refer to
any of the adjacent pieces or the board itself (Wittgenstein, 1989). All of this must be known by
our learner, and our learner must also know it is known by the pointer. The pointer and learner,
in this chess example, are both aware of the shared goal of the situation (teach/learn how to
play chess), the context and background of the participants (chess expert/chess novice) and the
boundaries around the kinds of information being provided (provide what must be known/attend

to information being provided to acquire the knowledge to play the game).

Understanding the “what” and the “why” helps to explain infants success at relatively

ambiguous pointing gestures. When pointing gestures are produced accidentally or in a distracted
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fashion, children as young as 14 months do not preferentially follow them. In contrast, in the
same paradigm when pointing cues are produced with communicative intent, including facial
expressions and gaze alternations, the same age group followed the point to locate the hidden
item (Behne et al., 2005). Children are able to interpret points as being directed for them by
detecting ostensive cues. Ostensive cues are social gestures, expressions, and engagement styles
that help the viewer know that the message is intentional and for them. These cues can include
facial expressions, such as raising the eyebrows or smiling, as well as eye contact. Ostensive
cues can also extend beyond the visual domain, using vocalizations in different pitches or tones,
as well as calling the participant’s name. Recent findings also suggest that dogs may not be
as sensitive to ostensive cues as human children. In a large multi-lab replication site, dogs did
not follow pointing gestures better when they were delivered ostensively than when they were
delivered non-ostensively (ManyDogs et al., 2023). This finding does have some significant
limitations acknowledged by the authors themselves (high participant dropout rate, protocol
variations between labs, data collection during COVID-19 requiring face masks, etc.). However,

it suggests that there may be richer cognitive abilities necessary for human-like point following.

To understand pointing in a rich way, there are a variety of cognitive abilities that must be
present. Rich interpretations of point following often follow a sort of dual-process approach,
arguing that point following prior to 12-14 months of age is explained by a lower-level or
associative mechanism. Once all the necessary cognitive prerequisites are present in the infant,
they interpret pointing as a highly social gesture with layers of implicit information. These
prerequisites include the understanding of goals of others, knowledge of others, and intentions

of others (Tomasello et al., 2007).

Rich interpretations of point following also help to explain discontinuities observed in child
development. Very young children display a default bias to trust, and this can be explained as
operating on the low-level innate or early-learned mechanism (Jaswal et al., 2010). As children
develop, they acquire cognitive resources (e.g., improved executive function, more knowledge

of word meanings and linguistic rules), a more critical stance, and are better able to reason
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about the speaker’s intentions, resulting in changes in their trust in others (Harris et al., 2018;
Mills, 2013; Sobel & Finiasz, 2020; Sobel & Kushnir, 2013). This development also helps to
explain why young children find it challenging to select optimally between informants who are

probabilistically accurate (Pasquini et al., 2007).

In dog developmental paradigms, puppies are able to follow points from the earliest age that
they can be tested (Agnetta et al., 2000; Hare et al., 2002)2. Given that these puppies have no
explicit training and have had very limited exposure to humans (in part due to their sensory
limitations), this suggests some level of innate sensitivity to human social communicative
gestures that are difficult to explain through associative learning. Dog pups also outperform
wolf pups at following subtle human pointing gestures, even when the wolf pups have been hand

raised and intensively socialized with humans (Virdnyi et al., 2008).

Children are capable of using “higher-order” mechanisms to make decisions and solve
problems, but is this their default mode when interpreting point following? Classic studies have

made it challenging to detect.

3.1.3 Testing Pointing Comprehension

Pointing comprehension and production have often been tested as a function of the style of
point produced, as discussed in Chapter 1. Pointing can be a declarative, directing the viewer’s
attention to an item. Pointing can also be a social tool, acting as an imperative to make a
request or command (Bates et al., 1975). Imperative pointing can also serve a cooperative goal,
requesting assistance when working together (Tomasello et al., 2007). We can also point to
request information from others. Termed interrogative pointing, this style serves as an epistemic
request (Begus & Southgate, 2012; Kovécs et al., 2014; Southgate et al., 2007). Across cultures,

12-month-old infants can both follow and produce these kinds of pointing gestures (Liszkowski

2Unlike humans, dogs cannot participate in cognitive studies as newborns to control for any neonatal learning (at
least not as behavioral studies are currently conducted). Puppies are born deaf, blind, and with very limited motor
abilities (they also likely are not able to fully smell). Dogs are not able to fully hear (ears open and functional) and
see (eyes completely open with pupillary reaction) until around 3-4 weeks of age (Scott, 1958)
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etal., 2012).

Testing point following, or point comprehension, classically involved participants being
presented with a point and multiple targets. Younger infants are often tested using looking time
based paradigms. As children grow and are more mobile, their ability to comprehend points is

frequently tested in search paradigms.

Classic tests of point comprehension with mobile participants require the participant to search
for a target hidden in one of two locations. The person who produces the point (hereafter referred
to as the pointer) generally stands between the two search locations and executes a pointing
gesture. As mentioned previously in this dissertation, children are easily able to understand and
follow points from a young age, selecting the indicated location more than would be expected
from random chance (Aureli et al., 2009; Pfandler et al., 2013). However, classic studies of
pointing have been limited by an inability to differentiate interpretations of how the pointing

gesture is processed, and whether this differs by species.

We can walk through the implications of multiple predictions in the case of a classic experi-
mental paradigm, a toddler searching for a hidden object while watching another person deliver
a point. It is possible that young children understand that they are receiving information that will
help to facilitate a joint goal or intention as part of a broader game/context. If young children
generally perceive points as the start of a collaborative task involving shared engagement, our
participant should be able to infer additional information from the situation. They understand
that the pointer is directing them to a specific referent (the target) in the environment. They
also understand that, in the context of a search task, the broader goal of the game is for them to
approach the target, and only the target. This is all facilitated by cooperating with the pointer and
attending to the cues they are intentionally producing. We might expect to see instances of joint
attention and mutual gaze, and that our toddler should be resoundingly successful at locating
the target of the point. It is also possible that alternative cognitive processes could lead to the
same observed behavioral results. Maybe toddlers understand points as a broad directional cue,

indicating that something of interest is in the region indicated by the pointer. In the context of a
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classic two-alternative forced choice task, these two cognitive mechanisms are indistinguishable.
Our participant could successfully “get the point” and select the correct location by following

associative cues. This suggests a need for a more complex task.

Dogs likewise present an interesting opportunity to gain a more nuanced understanding of
how pointing gestures are processed. Recent work with more complex pointing gestures in dogs,
including the elimination of gazing cues by having the pointer stare directly at the ground or
the dog, has suggested that dog point following may be more brittle than previously thought
(Eatherington et al., 2021; Lakatos et al., 2012; ManyDogs et al., 2023). In particular, when the
pointer looks in a different direction than the location they are pointing, and when dogs do not
have access to details about the direction of the head and gaze of the pointer (through the use
of a silhouette pointing rather than a 2D video of a person), dogs perform much more poorly.
Dogs’ recent poor performance on a subset of point following tasks has created disagreement
in the literature and left our understanding of dogs’ response to human social-communicative

gestures unclear.

Dogs and young children provide a particularly helpful comparison as, unlike other species
like non-human primates, pet dogs live in and are raised in our homes. Comparing dogs and
children on comparable behavioral tasks has helped to better understand a variety of topics,
including overimitation, point following, and approaches to unsolvable tasks (Fisher et al., 2025;
Lakatos et al., 2009; Marshall-Pescini et al., 2013). This provides further opportunities to
understand the role of point following in a more complex task as it relates to human-unique

cognition (Lyn & Christopher, 2020).

In addition to comparing species and using a more complex task, one way to better understand
the components of human pointing is taking a more quantitative approach. We can describe
points based on their function (Bates et al., 1975), based on their relative distance (Lyn &
Christopher, 2020) or based on the body gesture itself. In the developmental literature, this has
often focused on whether children display the canonical index finger point, or whether they

point with their whole arm. However, particularly when pointing to relatively distant referents,
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pointers move their bodies and not just their hands.

Independent of the cognitive mechanism underpinning point following, the gesture itself
contains a rich suite of potential cues that could help the point follower identify the referent.
Adult humans are easily able to produce and follow pointing gestures in a sophisticated fashion.
When following pointing gestures in crowded or complex environments, we may not always
have the rich kind of “what” and “why” information that can help identify the referent. Pointing
following in adults is often tested by requiring the observer to indicate a specific square or item
in a complex grid that the pointer is indicating. These items are typically adjacent, leaving
little room for error. To succeed, adults have to account for the perspective of the observer of
their point. Adults are able to solve these highly complex tasks, but they do sometimes make
mistakes. Pointers can systematically undercorrect or overcorrect for the perspective of the
observer, leading them to an adjacent item. Point followers can make the same perspective taking
failures, misjudging the target of the pointer (Herbort & Kunde, 2016; Herbort et al., 2021).
Given the challenges that adults face in solving the geometry of the problem of identifying
pointing referents, it is worthwhile to consider quantitatively the way that pointers dynamically

move their bodies.

Taking a quantitative approach helps us to evaluate these body language cues, revealing
how potentially ambiguous or clear following specific body parts may be. To do this we can
take inspiration from computer science and robotics. Unlike in past work with children and
dogs, where points are typically described qualitatively, point following in computer science
and robotics is programmed using computer vision and mathematical analysis of candidate cues.
This makes the evaluation of varying sources of information from a point gesture quantitative

(Azari et al., 2019; Hu et al., 2022; Trenkle et al., 2015).

To interpret a pointing gesture quantitatively, you must first identify where the pointer is
in the room (typically using computer vision). Then, you must identify key body parts on
the person, such as the elbow and the eyes. Finally, you can project into the environment a

line extending into space from the candidate body language cues. In robotics, this has been
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termed ray casting vectors. Multiple candidate vectors have been explored for human pointing,
particularly following the line from the elbow to the hand, from the shoulder to hand, or from the
head to the hand (Abidi et al., 2013; Hu et al., 2022; Taylor & McCloskey, 1988). By quantifying
how experimenters produce points, we can examine what the best-performing vectors are and if
they differ by location. Further, we can compare how dog owners naturally point for their dogs
(Chapter 4) to better capture if the kinds of points we use in studies are comparable to those

dogs see in their daily lives.

We can take further inspiration from perceptual studies to generate a more nuanced under-
standing of how our participants are assessing the point and making their choices. Tracking
trajectories of movement has led to significant insights across a variety of modalities. In seated
tasks, or those requiring arm reaching, we know how competing cues are processed dynamically
over time (Erb et al., 2016; Song & Nakayama, 2009). Tracking trajectory in walking tasks
can also reveal changes in visual perception as we walk in real and in virtual environments,

navigating and avoiding obstacles (Cirio et al., 2013; Fink et al., 2007).

In Experiment 1, we presented dogs and toddlers with a search task. We required them to
follow a pointer to locate a target hidden inside one of four items. Our task added a dimension
of difficulty by expanding the potential search items from two (as in classic studies) to four,
spread equally in front of the participant. By including multiple items (two) on each side of
the body, we could better understand how the pointing gesture itself was processed and if there
were species differences. If pointing is interpreted as a broad body-side cue, we would see
no differentiation between the inner and outer locations on either side of the experimenter.
Alternatively, if pointing is interpreted by toddlers as a collaborative engagement task, they

should localize the referent and perform similarly to classic two item studies.

We recorded depth data throughout Experiment 1 to quantify the pointing gestures produced
for dogs and toddlers by our experimenters. This provided a comparison point for how dog
owners point (see Chapter 4) and helped us to better understand what kinds of body cues may

be best to follow. We also measured the path taken by participants when making choices. This
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helped to provide a more nuanced understanding of their point comprehension beyond their
choice behaviors. If participants were confident of the location of the item, we would expect
them to walk directly to that item, taking close to the most efficient route to get there. In contrast,
if they are less confident or are weighing competing cues in the location of the item, they may

take a more variable route to their first choices. We examined if this differed by species.

In Experiment 2, we presented adults with an online version of the same task. This allowed
us to confirm that the task was easily solvable by an adult population. Both Experiments were

pre-registered.

3.2 Experiment 1: Toddlers & Dogs

3.2.1 Participants

The participants were 26 dogs (13 = Female, 13 = Male, Mean Age = 59.36 Months, Age
Range = 9.85 - 148.49) and 26 children (11 = Female, 15 = Male, Mean Age = 19.67 Months,
Age Range = 17.23 - 24.85). An additional 2 dogs were excluded due to (1) Experimenter error
(N =1), and (2) repeated no-choices (N = 1). An additional 5 children were excluded due to (1)

Experimenter error (N = 1), and (2) unwillingness to complete all trials (N = 4).

3.2.2 Ethics Note

All ethics guidelines were followed, and study procedures were approved by the relevant
ethics committees. All components of the study involving dogs were approved by the Brown
Institutional Animal Care and Use Committee, Protocol Number 23-09-0002. Components of
the study involving children were approved by the Brown Institutional Review Board Protocol

Number 2105002985.
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3.2.3 Procedure

During our experiment, dogs searched for a hidden treat, and children searched for a hidden

ball.

Experimenter

0.5m

2.25m

1.5m %,

Start Box

Figure 3.1: Room set-up used during the study.

Warm-Up Activities

Prior to starting the experiment, dogs engaged in a warm-up activity to receive a treat at each
of the 4 hidden search locations with baiting visible. Dogs watched the experimenter place an
empty cup onto the ground to serve as a distractor. The experimenter then said “[dog name],
look™ while showing the dog the treat and holding a second cup. They then placed the treat into
the second cup and placed the cup onto the opposite location to where the first cup already was
(i.e., if the first cup was at the outer right location the second cup would be placed on the outer
left). Dogs were then released to search for the treat, and were assisted in getting the treat out of

the lidded cup by the experimenter if required.

Before test trials, toddlers were familiarized with the jingle box, a custom-built box that

makes music when a ball is dropped into it. To improve engagement for toddlers who were not
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motivated to search for the ball or engage with the jingle box, toddlers were also introduced to
a stuffed dog called Bruno. Toddlers were instructed that they would help Bruno find his ball,
and that the experimenter would hide it. Toddlers were generally familiar with the cups being
used from their daily lives (silicone snack cups with integrated lids). Still, they were shown in
the same manner as the dogs that the ball could be hidden and retrieved from the cup by the

experimenter prior to starting our trials.

Test Trials

For each trial, the participant waited with their guardian (parent or dog owner) approximately
2.25 m away from the experimenter in the start box (Figure 3.1). Dogs waited in the box while
their owner handled their leash in a chair immediately behind them. Toddlers waited in the box

with their parent, while either sitting on the parent’s lap or sitting next to the parent.

A trial began when the experimenter said “[participant name], look™ while showing the search
item. The experimenter then turned their back and hid the item inside one of four silicone-lidded
cups on a small table behind them. The experimenter then placed the cups on the search locations
(order semi-randomized). Cups were numbered 1-4, starting with the experimenter’s outer left
side (cup 1). Cup 2 was on the inner left, cup 3 was on the experimenter’s inner right, and cup 4

was on the far right.

After placement, the experimenter looked at the participant with both arms by their sides and
said “[participant name], look”. The experimenter then pointed to the location of the hidden item
using the proximal arm. After 2 seconds, the experimenter said “OK” which cued the guardian

to release the participant to approach.

Participants could search exhaustively. Choice was considered physical contact with the cup,
and the order of choices was recorded. The experimenter maintained their point at the hidden
item for the duration of the trial, except if the participant had difficulty opening or searching
the cup (i.e., dog with a flat face did not have a muzzle to push inside the cup) or removing

the cup from their body (i.e., cup stuck on a child’s arm or dog’s nose). In these cases, the
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experimenter stopped pointing and assisted the participant to remove the empty cup from their
body or revealed that the cup was empty. The experimenter then resumed pointing and verbally

encouraged the participant to locate the hidden object (i.e.,“Where is the [treat/ball]”.

Once the participant found the hidden object, the experimenter stopped pointing and assisted
the participant in removing the object if required. Dogs were allowed to eat the treat and were
then recalled by their guardians. Toddlers returned the ball to the jingle box or otherwise played
with the ball. After each trial, participants were praised by the experimenter and/or guardian
regardless of performance. This procedure was repeated for a total of 10 trials. The location
of the hidden object was semi-randomized so that participants saw a total of 5 trials to the
two locations closest to the experimenter and 5 to the locations farthest from the experimenter.

Objects were also hidden an equal number of times on the left and right sides of the experimenter.

Across the test trials, we used two Intel RealSense cameras to record both depth and RGB
data. This allowed us to track the experimenter’s body positions and quantify their pointing,
helping to better understand what kind of gestural cues were available to participants (Pelgrim
et al., 2024). We also tracked the participants’ movements during their choices, capturing their

position as they approached.

3.2.4 Data Coding and Preparation
Behavioral Data

As mentioned above, choice was defined as physical contact with the cup. Participants were
permitted to search exhaustively, and the order of choices was recorded live by a researcher
during the session. We also noted the number of searches required to locate the hidden object.
In the event that the participant searched but did not end up locating the hidden object (1/260
trials for dogs and 3/260 trials for toddlers), we excluded that trial from analyses on the number

of trials required to locate the object.

A subset of participants ( 25% for each species or 7/26) were re-coded from video recordings
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of the session by a research assistant who had not participated in the original sessions. Inter-rater
reliability was exceptionally high for both dogs and toddlers. For each species, coders agreed
on 69/70 (98.6%) duplicate-coded trials. In the four instances of disagreement (two for each

species), I reviewed the re-codings and decided upon the final version.

Motion Tracking

To process our data we had to identify three elements: the search targets (the four cups
at fixed locations), the pointer (the experimenter standing at a fixed location), and the dog or
toddler (moving from the start marker to search during the trial). We began by segmenting
the footage to identify each of the three listed elements (cups, experimenter, participant) using
YOLOV8 (Jocher et al., 2023). After identifying where the experimenter was, we estimated
the key locations on the body. We used Google’s MediaPipe Pose Landmarker (Bazarevsky
et al., 2020) to process videos of the pointing gestures. We then used the depth information to

transform the coordinates of the relevant key body parts from 2D to 3D space (Figure 3.2).

Using the 3D representation of the person, we ray-casted our candidate vectors from the
experimenter’s body. Experimenters always pointed with their lateral or same-side arm. This

made identification of the pointing arm easy via manual specification based on target location.

In keeping with prior work, we initially evaluated five pointing vectors. First, we used the
Eye-Wrist, defined by a vector connecting the eye and wrist of the pointing arm. Next, we use
the Nose-Wrist, which is defined by a vector connecting the nose and wrist of the pointing arm.
Third, we use the Shoulder-Wrist, a vector representing the arm, connecting the shoulder and
wrist. Fourth, we use the Forearm or Elbow-Wrist, defined by a vector connecting the elbow
and wrist of the pointing arm. Finally, we explored using the Gaze, a vector representing the
general direction the user is looking at. To find the gaze vector, we computed the normal vector
to the plane passing through their left eye, right eye, and center of the mouth. In our sample,
we had difficulty tracking the experimenters’ faces throughout the whole trial with sufficient

accuracy to generate the gaze vector. Given this inaccuracy, and the fact that the gaze vector
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Figure 3.2: Left: post-processing output with the cups, dog, and person’s key body points
identified. Right: pointing vectors from the image on the left projected into space.

has been demonstrated to perform poorly as a localizer of a pointing target in naturalistic point

production, we opted to proceed without the gaze vector (Pelgrim et al., 2024).

We used three metrics to quantify the candidate vectors generated from the points. First, for
each of our 4 vectors, we calculated the Euclidean distance from where the vector intersected
the ground to the target cup. Second, we calculated the weighted accuracy. Weighted Accuracy,
where A is 1 if the correct target was selected and 0 otherwise, n is the number of selections made
until the target is selected, and w is the probability of a target being selected, was calculated

using the normalized inverse Euclidean distance.

acc = =i=1 77 (3.1
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Finally, we evaluated uncertainty using a measure of perplexity. Perplexity metrics have
previously been widely used in language or speech recognition tasks (Jelinek et al., 2005; Wang
et al., 2023). Perplexity measures the degree of uncertainty in the value of a sample from a
discrete probability distribution. The larger the perplexity, the less likely it is that an observer can
guess the value, or in our context, the target of the point, which is drawn from the distribution.
To calculate gestural perplexity, our work assumes the pointing vectors can be parameterized
by two angles, corresponding to the “pitch” and “yaw” of the pointing vectors, which we term
o and 3. We assume the vectors are parameterized by the person’s location, which is known,

height, which is directly observed, and two angles, a and 3, giving us:

Pr(o|s,a) =Pr(a, B|s,a) (3.2)

For each instance of pointing, n, we have information about the true location of the target of
the point, X, as well as the pointing ray o and f3, observed from depth measurements. In the
case of our trials, where we know the object is in one of k predefined locations #; and the distance
from the pointing ray intersection location to each target d;, we can compute the perplexity over

the dataset N as a multinomial over the true location as follows:

1 ) 1og$(r,~yd1,...,d,,)} (3.3)

Perplexity(N) = exp {— N
neN

Participant Path Data

To track participants’ movement in space, we used an off-the-shelf computer vision algorithm
(SAM3) that automatically detected the location of our participants for each trial (Carion et al.,
2025). Once the location was integrated with our depth data, we determined the proximity of
the participant to each of our possible search locations as well as to the experimenter. This
allowed us to examine participant location and generate their overall path towards the targets.

For participants’ first choice, we analyzed the average deviation from the most direct path by
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species and by location. This captures how variable the paths were to participants’ first choices.
We also reported on the maximum deviation from the most direct path to the location of the cup

they first chose.

3.2.5 Results and Discussion
Behavioral Data

In accordance with our pre-registration, we first examined if dogs and children as groups
were locating the hidden object on the first trial at above chance (25%) levels using a one-sample
t-test. Dogs located the treat on the first try at above chance (0.25) levels, M = 0.397, 95% CI
[0.32, 0.47],¢(25) = 4.09, p < .001. Of our 26 dogs, 20 (76.9%) located the treat on the first try
at above chance levels. Similarly, toddlers located the hidden toy on their first choice at above
chance (0.25) levels, M = 0.532, 95% CI [0.45, 0.61], #(25) = 7.33, p < .001. All but one of the
toddlers in our sample (96.2%) located the toy on their first choice at above chance (25%) levels.
It is interesting that although participants are numerically above chance levels, they are nowhere

near ceiling level, Figure 3.3.

We also examined whether dogs and toddlers were performing differently from each other,
examining the proportion of trials in which they located the object on the first try using an
independent samples t-test. Toddlers found the hidden item on the first try more often than dogs,
1(49.79) = 2.56, p = .014. Both species frequently approached empty cups, suggesting that
solving the problem of both identifying the object referent and inhibiting approach to all other

objects is a challenging task.

In line with our pre-registration, we also descriptively examined participants’ accuracy based
on whether they first chose one of the two cups on the correct side of the experimenter (the Left
or Right), ignoring whether among the two cups they chose the true baited one. To do this, we
collapsed choices of cup 1 and 2 (the two cups on the left side of the experimenter) and choices

of cup 3 and 4 (the two cups on the right side of the experimenter). When averaging by the side
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Figure 3.3: Proportion of first choices correct by species.

of the experimenter, kids and dogs both performed above chance (50%) levels. Dogs chose the
correct side of the room 73% of the time, and toddlers chose the correct side 75% of the time.
Interestingly, dogs and toddlers differed in how much they preferred the inner and outer cups.
Dogs appeared to be attracted to the experimenter, choosing the inner locations 73% of the time.
In contrast, toddlers chose between the four locations approximately equally. See Figure 3.4.
Neither species displayed a side bias on average. Both dogs and toddlers chose approximately

equally to the left and right sides of the experimenter.

The pattern of attraction to the inner cups helps to explain how toddlers outperform dogs
when we examine the choice of the exact correct item, but why that advantage disappears when
we average across room sides. More specifically, dogs are attracted to the inner cups (cups 2
and 3) closest to the experimenter and in turn make a systematic error of biased interior choices.
In contrast, kids display no such preference and make uniform choices. Toddlers also do not
display any side biases. This pattern of results may help to explain the different point following

or point comprehension abilities between the two species. Dogs appear to factor in the proximity
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Figure 3.4: Proportion of first choices to each of the 4 cups by species.

of the experimenter as well as the pointing gesture they are using. For example, dogs may
attempt to consider the pointing gesture itself as one factor, but they also have a second factor,
the experimenter’s location, that combines to down-weight the choice value of the two outer
locations. It is also possible that dogs are following a low-level choice rule, such as go to the
side with the arm extended selecting the closest cup to the experimenter. Toddlers appear to
only account for pointing gestures, and from their choice data it is not obvious why errors are
happening. To gain a more nuanced understanding of how the choices were being made, rather

than just their choices themselves, we can examine the participant trajectory data.

Motion Tracking

We analyzed the movement of most of our participants as they were approaching their
choices. Due to camera recording failures, a subset of participants’ trials were not successfully

tracked. We present results from 24 (213 trials) dogs and 23 toddlers (205 trials) below.

As participants approached their first choice from the start box, we measured the maximum
deviation from the optimal path to their first choice, regardless of whether that first choice was
correct. We defined the optimal path as the straight line from the start position to the relevant cup

(Figure 3.5). To evaluate optimal path deviation, we only considered the participant path data as
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they were initially approaching their first choice, defined as coming within 0.3 meters of their
chosen target. We then could compare this approach pattern for participants whose first choice
was correct vs. incorrect. This approach allowed us to compare against a fixed optimal path
across all participants, versus having to dynamically calculate the optimal way to approach the
true target from the participants’ placement in space and then their deviation from that line. This
approach would have been particularly challenging for toddlers who sometimes went behind the

pointer, or returned to the start box between trials.
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Figure 3.5: Example of paths taken by two dogs on two different trials. Left: This dog first
chose cup 1 (outer-left) incorrectly and had a relatively large deviation from the optimal path.
Right: This dog first chose cup 2 (inner-left) correctly and was close to the optimal path.

We examined the magnitude of deviation from the optimal path in two ways. The first
considered how far the participant ever was from the optimal path they could have taken during
their initial approach phase. Put another way, what is the maximum distance they were from the

optimal path to their first chosen target. See Table 3.1

Grouping by their first chosen location, toddlers had the highest average maximum path
deviation for location 4 (outer-right) (M = 0.588, SD = 0.37, Range = 0.05 - 1.82 m). In contrast,
the shortest maximum path deviation was for approaches to location 1 (outer-left) (M = 0.435,

SD = 0.41, Range = 0.05 - 1.69 m). When toddlers’ first choice was the correct one, we see
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consistently smaller deviations from the optimal path, with the exception of approaches to

location 4, which had slightly more deviation from the optimal path when it was the true target.

For dogs, we see a different pattern. Like toddlers, dogs had the highest average maximum
path deviation for location 4 (outer-right) (M = 0.438, SD = 0.34, Range = 0.03 - 1.30 m). Unlike
toddlers, dogs had the shortest average maximum path deviation for location 3 (inner-right) (M
=0.389, SD =0.33, Range = 0.00 - 1.38 m). When their first choice was correct, we consistently
see smaller maximum path deviations than when their first choice was incorrect for the two inner
locations. This pattern is reversed for the two outer locations. Specifically, when successful
on their first search to one of the two inner cups, dogs tended to follow the optimal path more
closely than when that first choice was incorrect. In contrast, when successful on their first
search to one of the two outer locations, dogs tended to veer farther off the optimal path than
when that choice was incorrect.

Table 3.1: Participant Maximum and Average Path Deviation by Location

Maximum Deviation
Loc. Mean (SD) Range [Min, Max]
Toddlers

Average Deviation

Mean (SD)  Range [Min, Max]

1 0.435 (0.407) [0.046, 1.692] 0.187 (0.220) [0.019, 0.925]
2 0.565 (0.381) [0.093, 1.464] 0.249 (0.232) [0.026, 1.189]
3 0.578 (0.514) [0.000, 2.374] 0.228 (0.259) [0.000, 1.197]
4 0.588 (0.375) [0.048, 1.822] 0.235 (0.203) [0.016, 1.061]
Dogs

1 0.401 (0.381) [0.000, 1.616] 0.178 (0.195) [0.000, 1.000]
2 0.390 (0.319) [0.029, 1.176] 0.163 (0.132) [0.011, 0.596]
3 0.389 (0.330) [0.000, 1.377] 0.168 (0.146) [0.000, 0.711]
4 0.438 (0.344) [0.030, 1.298] 0.182 (0.157) [0.016, 0.574]

We also evaluated deviation from the optimal path as an average over the course of the
approach. Unlike with the maximum path deviation, the average optimal path deviation for
toddlers was the largest for location 2 (inner-left)(M = 0.249, SD = 0.23, Range = 0.03 - 1.19 m).
The smallest average path deviation was for approaches to location 1 (outer-left) (M = 0.187,

SD =0.22, Range = 0.02 - 0.92 m), just as we saw for the maximum path deviation. We also
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found that average path deviation was generally smaller when the first chosen cup was also the

correct one, with the exception of location 3, where that pattern was reversed.

Dogs’ average path deviation, like their maximum path deviation, was the largest for location
4 (outer-right) (M = 0.182, SD = 0.16, Range = 0.02 - 0.57 m). Their smallest average path
deviation was for location 2 (inner-left) (M = 0.163, SD = 0.13, Range = 0.01 - 0.59 m), though
location 3 (inner-right) was close (M = 0.168, SD = 0.15, Range = 0.00 - 0.71 m). Interestingly,
we see a different pattern for average path deviation by location for dogs based on success.
Unlike maximum path deviation, dogs that were correct in their choices to the right side of the
experimenter’s body (locations 3 and 4) tended to have higher average path deviations. Dogs
that were correct to locations on the left side of the experimenter’s body (locations 1 and 2)

tended to have lower average path deviations.

When comparing the paths taken by both species, dogs and toddlers continue to approach
the problem differently. As seen in the behavioral results, dogs behave differently between
the inner and outer locations. They appear systematically biased towards the two locations
closest to the experimenter. This is reflected in dogs smaller maximum and average deviations
from the optimal path for the two cups closest to the pointer. This could be taken as a measure
of confidence or speed of interpreting the gesture. When dogs approach to choose the inner
locations, they are potentially more sure of that choice, taking a direct and efficient route. In
contrast, when dogs chose one of the outer locations they wandered more, taking more curving
paths and indirect approaches. This could be indicative of less confidence, or of simply trying to

gather more information prior to making an actual choice.

Toddlers show smaller average path deviations when their first choices were to the outer
locations (Table 3.1). This smoother approach pattern to the outer cups might suggest that the
proximity of the experimenter is having some kind of distracting effect on the toddlers, however
their choice data confirms they choose between the four cups at approximately equal rates.
Toddlers approach patterns are much more variable than dogs, and they tended to deviate more

from the most efficient route. This could reflect a challenge with focus or inhibitory control,
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helping to explain the challenge toddlers had with the choice task. If toddlers are distracted or
are losing focus during their approach they may wander more, taking less direct routes. It is also
possible that toddlers are using an associative cue or some other lower-level mechanism, and
they are approaching indirectly to acquire more information about the pointing gesture itself.
Swooping around can help to acquire multiple angles and could be helping to resolve some

ambiguity.

We analyzed the pointing gestures produced by our experimenters across trials for both
species. In line with our procedure, we saw no instances of cross-body pointing, and experi-
menters equally used their left and right arms as they only pointed with the same-side arm. In
contrast with prior work (Pelgrim et al., 2024) that sub-selected an “optimal” pointing frame
for analysis, we opted to use the entirety of the produced pointing gestures. We felt this better
reflected the experience of the point receiver, namely that the participant watches the point being
produced and held, rather than just seeing the final position. See Table 3.2 for summaries of
each of our potential pointing vectors.

Table 3.2: Performance from Experimenters Pointing for Dogs and Toddlers

Distance(m)| Weighted Accuracy! Perplexity]

Eye-Wrist 0.997 (0.52)  0.452(0.36) 3.412 (0.50)
Nose-Wrist 1.006 (0.49)  0.454 (0.36) 3.434 (0.48)
Shoulder-Wrist 0.967 (0.54)  0.447 (0.35) 3.407 (0.42)
Elbow-Wrist  0.983 (0.52)  0.457 (0.36) 3.426 (0.44)

From our first evaluation metric, Euclidean accuracy, the best performing vector was the
Shoulder-Wrist. In contrast, using weighted accuracy our best performing vector was the Elbow-
Wrist. Finally, using perplexity the best performing vector was also the Shoulder-Wrist. These
findings are different than in prior work where integration of the position of the face (through

the Eye-Wrist or Nose-Wrist) performed best (Pelgrim et al., 2024).

When experimenters produced points, it appears that the best strategy to identify the referent
would be to follow the arm only, ignoring the position of the face. This suggests that if a

point follower is attempting to integrate information from the head and the gaze with the body
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movements, they may perform worse. Interpretation of these results should be tempered, as the
metrics are quite close across the vectors. However, this provides an interesting baseline for
the kinds of points produced in an experimental context by a trained researcher, and in Chapter
4, we will compare these points to those produced by dog owners. See Chapter 6 for further

discussion of pointing candidate vectors.

3.3 Experiment 2: Adults

Given the challenges observed by both dogs and toddlers on our complex search task, we
wanted to establish a baseline for adult performance. We conducted an online study with an
adapted version of our methods where participants had to locate a hidden object after watching

a video of an experimenter pointing. This study was pre-registered.

3.3.1 Participants

The participants were 26 adults (13 = Male, 13 = Female, Mean Age = 38.81 years, Age
Range = 21 - 60 years) recruited from Prolific to complete an online survey. The survey was
estimated to take 5 minutes and participants were compensated $1 (maintaining an average hourly
rate of $12 per hour). An additional 1 participant was excluded for failing our comprehension

check (detailed below in procedure).

3.3.2 Ethics Note

All ethics guidelines were followed, and study procedures were approved by the Brown

Institutional Review Board, Protocol Number 2022003224.

3.3.3 Procedure

Participants began by completing a warm-up comprehension check. This allowed us to

confirm that adults understood the setup of the overall task, and helped us to screen for potential
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bots. During our comprehension check, participants watched a video of the experimenter
placing the ball inside one of the four cups in full view. Participants were then asked where the
experimenter had hidden the ball, and this was repeated for each of the four cups. If participants

did not select all four locations correctly, they were excluded from the task.

After passing our comprehension check, participants advanced to our test trials. Participants
were shown instructions, telling them that they would “...see a person point to where they hid
the ball. Please indicate where the ball is hidden.” Each test trial required the participant to
begin by watching a video clip. The clip of the trials was identical to what dogs and toddlers
saw in person. The experimenter began by showing the object they were going to hide, and
then turned around and hid the object inside one of 4 cups out of sight. The experimenter then
placed the cups out and pointed to the cup containing the hidden item. As with our earlier study,
participants were able to search exhaustively. If a participant selected the incorrect location,
they were shown a still image of the experimenter pointing and their previous choice was no
longer able to be selected. See supplementary materials for examples. Participants continued
this procedure until they selected the correct hiding spot for the object. This was repeated for a

total of 10 trials.

3.3.4 Results

This task was pre-registered. As expected, adults were significantly above chance (0.25)
following the experimenter’s point from video, M = 0.97, 95% CI [0.92,1.02], #(25) = 30.76,p <
.001. Every single participant (26/26) followed the point at above chance levels. Only 3 of our
participants ever made an error, and no participant required more than 2 choices to successfully
identify the target. All this suggests that following the point, even in this complex four-object

search task, is trivial for adults, whose performance is at ceiling levels.
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3.4 General Discussion

In Experiment 1, we found that although dogs and toddlers are both able to solve a complex
4-cup object search task at above chance levels, toddlers significantly outperform dogs. We also
found that this difference can be explained by the location of the experimenter. Specifically,
dogs are highly biased by the proximity of the experimenter. This resulted in a preference for
the two inner search locations in dogs alone. In contrast, toddlers do not appear to be impacted
by the location of the experimenter, choosing equally across the left and right sides of the body.

Toddlers make errors but in a less systematic fashion than dogs.

In Experiment 2, we demonstrated that adults are easily able to identify the target of the point
and are nearly perfect in their overall performance. These findings are consistent with previous
work showing that adults are generally skillful at comprehending pointing gestures (Cooney
et al., 2018). Prior work has revealed that pointing comprehension is challenged in adults only
when perspective failures occur (Herbort & Kunde, 2016; Herbort et al., 2021). Specifically,
when pointers are actively producing points for a viewer, the viewer tends to make minor but
systematic errors in identifying the true pointing target. This generally occurs due to a failure of
the pointer to account for the different viewing angle of the point recipient. The fact that we did
not see these kinds of errors in our sample is encouraging. It provides confidence that there was
not a systematic production error on the part of the experimenter, or at least that the targets are

sufficiently spaced to avoid ambiguity in an adult point viewer.

Dogs and toddlers both performed well below ceiling levels at this task. Particularly for
toddlers, this finding challenges rich interpretations of point following. Infants begin engaging
in joint attention, collaboratively engaging social partners by 12-15 months of age (Carpenter
et al., 1995; Tomasello et al., 2005). The participants in this sample were typically developing
toddlers between 17 and 24 months of age, long after joint attention abilities are established.

There are multiple potential solutions for the discontinuity identified in this chapter.

First, the findings in this chapter do not suggest that toddlers of this age group cannot
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engage in joint attention. There is a rich body of literature that provides great confidence in
this ability. Rather, it suggests that toddlers may default to approaching pointing gestures using
lower level cues. As mentioned above, there is no doubt that toddlers are capable of learning
via associative mechanisms. Further, prior to acquiring full joint attention infants are able to
respond appropriately to pointing gestures, following the point to the referent as young as 4
months of age (Bertenthal et al., 2014). Toddlers may default, in this relatively complex search
task, to rely on associative cues or other lower level learned point following mechanisms. This
may result in more ambiguity about the target of the referent or the task at hand. Toddlers may
be able to localize the referent of the point and engage in joint attention, but this may be highly
effortful. When the stakes are low, and they are able to search exhaustively, they may choose to

engage in the easier mental approach, saving themselves the added cognitive control and load.

The low stakes of the task could also have contributed to toddlers (and potentially dogs)
interpreting the pointing gesture as an informative one, but not as an imperative. Toddlers and
dogs may have opted to, on some trials, prioritize independent exploration. Alternatively, they
may have understood the general direction of the point but opted to investigate the other locations
for the sake of completeness or to prolong the searching game. Across trials participants were
highly motivated to locate the hidden item, but it is possible that the searching portion of the

game was also rewarding.

It is not likely that this task presented a challenge to the working memory of the toddlers,
as the pointer maintained their gesture until the participant located the item. This meant that
toddlers could continually remind themselves of the social cue being provided. It is also
possible that toddlers understand pointing as directing joint attention, but have inhibitory control
challenges that prevent them from making optimal choices. Reflected in their highly variable
approach paths, toddlers may become distracted between looking to the pointer and actually
making a selection. If true, toddlers understand the “what” and the “why” of the pointing gesture,
but when actually required to physically search the space they fail to inhibit incorrect motor

choices.
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In addition to the underlying cognitive processes, toddlers and dogs may also have difficulty
actually identifying the referent of the pointing gesture. As mentioned above, adults tend to
make minor but systematic errors when identifying pointing referents. This issue was not
present in our adults, but it is possible that the margin of error is larger for toddlers and dogs. If
the localization error is sufficiently large, participants could choose between items at random

(toddlers) or based on alternative choice rule (closest to the pointer).

In ongoing work that is outside the scope of this dissertation, we are adding head-mounted
eye-tracking to both species using an identical methodology. This ongoing study will help to
further reveal the differences in the species, as well as examine if toddlers are displaying the
key features of visual attention predicted for a higher-level cognitive account involving joint
attention. Future research might also consider further varying or complicating the arrangement
of the items presented. Particularly as the proximity of the pointer is a salient cue for dogs, items
could be brought closer to the pointer. This may increase the ambiguity of the point itself, but
could result in behavioral performance more reflective of dogs’ interpretation of the gesture.
Future work can also dive further into both the gesture and the path trajectory data presented
here. Future work could consider integrating the path trajectory data with the pointing gesture
data, considering the perspective of the participant as they moved through space. Particularly for
toddlers on winding paths, pointing gestures may become increasingly ambiguous as they stray
to farther sides of the testing space. Path trajectory could also be analyzed more dynamically,

considering features like heading change or tortuosity over the course of trials.

Dogs are not the only species that are capable of following human pointing gestures (see
review by Lea and Osthaus, 2018). Many other non-human animals are capable of responding to
pointing gestures, particularly other domesticated species. Future work can continue to explore
pointing comprehension through a comparative lens, examining how other species differ from

human children.

These studies provide a promising first step to better understanding how pointing gestures are

actually processed and the factors that might influence point following. They have shown that
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toddlers do not, by default, follow points as levels expected by rich interpretations of pointing
gestures in a 4-alternative search task. Further, they have shown that toddlers outperform dogs at
search accuracy, and that this difference is explained by dogs’ bias towards selecting the items
closest to the experimenter. Dogs are generally more efficient in making their choices, possible
reflecting less ambiguity in their decision making process or fewer challenges with inhibitory

control or sustained focus.
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CHAPTER 4

Components of Naturalistic Point

Production by Dog Owners '

4.1 Background

Pointing is a distinct social-communicative gesture that can have a variety of meanings based
on context. A pointer may use the gesture to request an item (i.e., bring me the cup), provide
information (i.e., your cup is right there), or begin a shared experience (i.e., let us look at that
cool cup together) (Tomasello et al., 2007). When pointing, a person may use their head, body,
hand, and arm to refer to an object or location in the environment. Pointing is intuitive for
people, but what exactly are we doing when we point? And how does this sequence of unified

actions help the viewer of the point to identify our shared target?

4.1.1 Development of Point Production

Point production develops early in life. Infants begin forming the classic hand shape of

pointing (fist with the index finger extended) when they are 3 months old (Hannan & Fogel,

IThis chapter is an expansion and extension of Pelgrim et al. (2024) published in the Proceedings of the
Cognitive Science Society
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1987). Infants may point with varying hand positions. Pointing in young children sometimes
occurs with a flat hand (hand and arm outstretched with relatively straight wrist). However, a
classic index finger shape is typically the canonical point. Interestingly, points are not used
in a communicative fashion until much later in the first year of life, emerging between 9-12
months (Carpenter et al., 1998). Index finger pointing for social purposes emerges in infants
by 12 months. Remarkably, this is true across cultures, observed in naturalistic parent-child
interactions in locations ranging from rural Papua New Guinea to urban Japan (Liszkowski et al.,

2012).

Even after pointing is social, point production can serve asocial, or private, purposes. Often
compared to private speech, human beings of all ages point for themselves to facilitate under-
standing and memory. When trying to remember the location of a hidden toy, toddlers between
the ages of 2 and 4 spontaneously produce index finger pointing gestures to help themselves

remember (Delgado et al., 2011).

As discussed in Chapter 1, young children point for a variety of reasons. Proto-declarative
pointing is pointing that serves to direct the attention of the viewer or provide information to
that viewer. Proto-imperative pointing serves to instruct or command the viewer. Both pointing
types are produced and understood by 12-month-old children (Bates et al., 1975; Tomasello

et al., 2007).

Descriptions of points used in point following tasks are often qualitative, using general
positional descriptions (i.e., pointing with the arm across the body) that lack standardization
across studies. In young children, point production has been studied in the lab and in relatively
naturalistic contexts, using toddlers’ natural preferences and instincts. For example, to elicit
declarative pointing gestures, experimenters had toys move in exciting ways while the infant
could not reach the toy. The movement occurred behind the experimenters’ back and the
parent pretended not to notice. Infants are typically motivated to share interesting and exciting
experiences with others. In this situation, infants spontaneously produce pointing gestures to

engage their parent (Carpenter et al., 1998).
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Ecological validity in infant pointing has also led to highly realistic tasks, including decorated
room paradigms. In these, mothers and infants freely explore and observe a room filled with
toys and decorations. Mothers are provided with minimal instructions, and the vast majority of
infants spontaneously produce pointing gestures for their mothers while investigating the space
(Liszkowski & Tomasello, 2011). In all we can have great confidence that human beings point

socially early in development and do so readily across contexts.

In adults (when studied without children), research examining point production has often
focused on tightly controlled settings. Adult humans point for each other at a specific item in a
numerical or graphical array. Adults are generally quite accurate at producing points for others.
However, there are minor but systemic errors in how the viewer perceives the targets of points
(Herbort & Kunde, 2016; Herbort et al., 2021). Much of this has to do with errors in perspective
taking, with researchers suggesting that the pointer fails to account for the different viewing

angles of the viewer.

People likely point differently when they point for other adults in a tightly controlled setting
versus another social partner, such as their dog, on a dynamic search task. Although there has
been important work on how people understand and produce points when with their children,
there has yet to be a systemic and quantitative investigation of adult naturalistic point production
in other contexts. Gaze and body position are both salient cues that can provide information
about the pointer’s target, and we do not know how these sources are produced (and if they are
easily separable). How do people naturally produce pointing gestures for their dogs, and is there

are specific gestural components that may predict successful target localization?

4.1.2 Quantifying Pointing

Anecdotally, a common critique of point-following studies requiring dogs to search the space
(like the one described in Chapter 3) is the artificial or stilted nature of the task. Requirements
for tight experimental controls mean that experimenters may be inadvertently reducing the

ecological validity of their studies. Are the points we are using similar to those that dogs see in
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their real-world environments?

To better understand the kinds of gestures people produce, we can focus on quantifying
body language cues. Inspired by prior work in robotics, we can assess points mathematically,
generating lines (or vectors) from candidate body parts. In computer science and robotics,
quantifying gestures is a necessity as following the points requires a programmed algorithm
(Azari et al., 2019; Hu et al., 2022; Trenkle et al., 2015). In this study, we can take the reverse
approach. Rather than trying to follow a point, we can see how people produce them. From
each of the potential body language cues people produce, we can compare how closely they
align with their true intended target. This provides insight into how pointers are approaching the

problem.

As pointers naturally move their bodies, there are a number of potential cues that they can
integrate or move separately. For example, qualitatively, a pointer may opt to point across
their body with a straight elbow or a bent one. A pointer could opt to integrate their gaze
with the movement of their hand, coordinating their looking patterns to coincide with hand
movement. Quantifying these movements and gestures helps us to compare across pointers and

avoid subjective coding judgments.

In past work, there are generally two categories of potential body cue lines. These lines or
vectors are created by identifying two body parts of interest and drawing a line between them.
That line is then projected into the world, and the intersection (or the distance of the intersection)

of that line from the referent can be calculated.

The first category is based solely on the position of the arm itself. One could follow the
line created by the forearm, tracing the elbow to the hand and continuing that line into space
(Whitney et al., 2016). This approach (elbow-wrist vector) eliminates any consideration of body
or head orientation. One could also follow the line from the shoulder to the hand. This approach
(shoulder-wrist vector) integrates broad body angling, but does not account for bends in the

elbow (Tolgyessy et al., 2017). The second category of pointing cues focuses on integrating
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head orientation or gaze position with that of the hand. One could attempt to identify the target
of gaze of the pointer and follow the line from the gaze to the hand. This approach (eye-wrist)
would be an exceptionally poor cue if the pointer never looks towards the referent. Alternatively,
one could omit following the gaze but rather follow broad head orientation, tracing a line from
the nose to the hand. This approach (nose-wrist) likewise would be a poor cue if the pointer

looks at an object that is not their pointed referent (Abidi et al., 2013; Azari et al., 2019).

If dog owners point for their dogs like trained experimenters, we would expect that their
arm cues, as measured by the shoulder-wrist and elbow-wrist vectors, will best align with the
true target of the search. In contrast, if dog owners naturally integrate their gaze as part of their
intentionally produced cue, we would expect the eye-wrist or nose-wrist cues to perform best.
We know from the rich pointing interpretations discussed in Chapter 3 that point following is
often suggested as a bid to initiate joint attention. If dog owners are attempting to engage in
joint attention with their dogs, we can expect them to integrate their gaze cues. Dogs’ ability to
respond to these cues, relative to how they followed cues from an experimenter in Chapter 3,

can also help to inform the underlying cognitive mechanism behind point following in dogs.

We quantified how dog owners produced points for their dogs. Using recorded data from
points produced during a search task, we analyzed how different gestural components (measured
as vectors) aligned with the target of the search. In addition to recording dogs’ choice behaviors,
we integrated dogs’ path trajectories as they made their choices. This provides us with insight
into the underlying cognitive processes of the dog as they made their choices (Cirio et al., 2013;
Fink et al., 2007). To assess this trajectory, we examined the paths taken by dogs on their
approach, calculating their deviation from the most efficient route to their chosen target. This
chapter helps to provide further insight into a critical gesture, pointing. By assessing how adults
naturally produce points on search tasks we can begin to determine the potential cues available

to dogs that could inform their learning and behavior.

94



4.2 Methods

4.2.1 Participants

The participants were 16 dog-guardian pairs. 16 dogs (7 = Female, 9 = Male, Mean Age =
63.56 Months, Age Range = 8 - 162 Months) and 16 adults (15 Women, 1 Man, Mean Age =
44.07 Years, Age Range = 27 - 67 Years, 14 White, 1 Native American or Alaskan Native, 1
Black or African American). An additional 2 dyads were excluded due to (1) Equipment failure

resulting in data loss (N = 1), and (2) failure to complete all trials due to dog discomfort (N = 1)

4.2.2 Ethics Note

All ethics guidelines were followed, and study procedures were approved by the relevant
ethics committees. All components of the study involving dogs were approved by the Brown
Institutional Animal Care and Use Committee, Protocol Number 23-09-0002. Components
of the study involving adult humans were approved by the Brown Institutional Review Board

Protocol Number STUDY00000124.

4.2.3 Procedure

Throughout the task, dogs worked on leash and were handled by a trained experimenter,
waiting in the start box approximately 2.25 m away from their owner. See Figure 3.1. Treats
were hidden inside of silicone snack cups with integrated lids, which prevented the dog from
visually inspecting the contents of the cup prior to making a choice. Choice was defined as
physical contact with a cup, and all searches were exhaustive, meaning dogs could search cups
until they located the one with the treat. If the dog had difficulty searching the cup the owner

assisted them in getting the treat out.
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Warm-Up Activities

Prior to starting the experiment, dogs engaged in a warm-up activity to receive a treat at each
of the 4 hidden search locations with baiting visible. This warm-up also served to familiarize
the owner with the task procedure. Dog owners received verbal instructions prior to beginning
the task, and throughout trials as needed. Dogs watched the owner place a cup onto the ground.
The owner then showed the dog a treat and placed the treat into a second cup in their hand. This
cup was placed onto the opposite location to where the first cup already was (i.e., if the first cup
was at the far right location the second cup would be placed on the far left). Dogs were then
released to search for the treat. This was repeated for 4 trials so the dog received a treat from

each cup at each search location, and owners were comfortable with general task procedures.

Test Trials

After completing warm-up trials, the experimenter gave the dog owner verbal instructions
on how to complete the test trials. A trial began when the owner showed the treat. The owner
then turned their back and hid the treat inside one of the four silicone lidded cups on a small
table behind them. The owner then placed the cups on the search locations. The location of the
hidden treat was semi-randomized so that dogs saw a total of 6 trials to the two locations closest
to their owner and 6 to the locations farthest from their owner. The treat was also hidden an
equal number of times on the left and right sides of the owner. Search locations were numbered
1-4, starting with the owner’s outer left side (cup 1). Cup 2 was on the inner left, cup 3 was on

the owner’s inner right, and cup 4 was on the far right.

Owners were instructed where to place the cup containing the treat at the start of each trial.
After placement, the owner used whatever words and pointing gestures “felt natural” to instruct
their dog on the location of the hidden item. When they felt ready for their dog to approach they
gave a verbal release word (e.g., “Okay”, “Free”’) which cued the experimenter to release the
dog to make their approach. Dogs were allowed to search exhaustively, meaning they could

explore each location until the treat was found. After locating the treat, dogs were allowed to eat
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the treat and were then recalled by the experimenter. This procedure was repeated for a total of

12 trials.

Across the test trials, we recorded both the owner’s body language and the dogs’ movement
in space. We used two Intel RealSense cameras to record both depth and RGB data. This
allowed us to track the experimenter’s body positions and quantify their pointing, helping to
better understand what kind of gestural cues were available to participants (Pelgrim et al., 2024).
We also tracked the participants’ movements during their choices, capturing their position and

speed as they approached.

Exploratory Trials: Pointing for an Experimenter

As an exploratory measure, when possible we also had dog owners provide points for a
human experimenter. Unlike in warm-up and test trials, the dog was not involved in this phase
of the study. A second experimenter held the dog’s leash to prevent them from approaching
during this section. An experimenter sat in a chair behind the dog start box and asked the owner
to point at a cup for them. The owner was instructed to return to rest in between each point
but did not receive any constraints on the timing of their points or of their pointing style. The
sequence was identical to the one used by their dog (12 trials to the same locations), but this

task did not involve any searching.

Given the requirement for the dog to be distracted by an experimenter, not every dog owner
was able to complete all 12 exploratory trials. If the dog became distressed or was unwilling to
stay with the experimenter the control trials were stopped. All but one participant (15/16) were

able to complete some of the possible 12 exploratory trials.
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4.3 Data Coding & Preparation

4.3.1 Dog Behavioral Data

During the session, all of dogs’ choices were coded live by a research assistant. A subset
of dogs (25% or 4/16 dogs) were re-coded from video by a research assistant not previously

involved in the sessions. Coders agreed on all trials (48/48 or 100%).

4.3.2 Motion Tracking

We used Google’s MediaPipe Pose Landmarker (Bazarevsky et al., 2020) to process input
RGB images and detect key points on the human body. We then employed the depth information
to transform the relevant key points’ coordinates from 2D into 3D space. As in past work
inspired by robotics and gesture tracking more broadly, we then converted the experimenter’s

body position into a projected vector in the world (Pelgrim et al., 2024).

Unlike in Chapter 3 where we could pre-specify the pointing arm used, we had to identify
the pointing arm used by owners to project our vectors. Initially, we attempted to run this
automatically, using the arm that moved furthest from the body over the course of the trial.
Unfortunately, this method was built on the assumption of lateral or same-side arm pointing, and
did not work when the person pointed across their body (as the pointing arm was exceptionally
close to their center of mass). With this limitation in mind, we manually reviewed all videos
to identify if the owner used their left or right arm. Once the person and their true gesture (via
manual selection of the pointing arm) was represented in three dimensions, we ray-casted our

candidate vectors and calculated the vectors’ intersection points with the cups.

We initially examined five potential vectors that have shown promise in robotics. It was
possible our participants were using one or a combination of these, and we present three metrics
of the accuracy of these candidate vectors in our results section. Details of the metrics and
their precise calculations can be found in Chapter 3. Our five candidate pointing vectors were

the Eye-Wrist, Nose-Wrist, Shoulder-Wrist (whole arm), Elbow-Wrist (forearm), and Gaze.
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As in Chapter 3, we had difficulty tracking and producing the gaze vector from our pointer.
This was primarily observed as dog owners regularly bent down and angled their heads and
bodies towards the cups such that at least one of their key facial features was obscured. Given
this inaccuracy, and the fact that the gaze vector has been demonstrated to perform poorly as a
localizer of a pointing target in naturalistic point production, we opted to proceed without the

gaze vector (Pelgrim et al., 2024).

Dog Path

In addition to tracking the human pointing gestures, we also evaluated the position of the
dogs over the course of trials. We captured how efficiently or directly dogs moved towards
their first choice. Dogs might move along a more direct path when they are confident about the
location of the hidden item. However, if dogs are more confused or are waiting to select between
two items they might take a less efficient path towards their eventual choice. For each frame
from our videos, we identified the dog using Segment Anything Model 3 (SAM 3) (Carion et al.,
2025). We used a bound-box approach to identify the location of the dog without attending to
skeletal tracking as that posed challenges during the dog’s position changes and movement. We
then integrated the position of the dog with the depth data, creating a trace of the dog’s path

across frames (Figure 4.1).
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Figure 4.1: Trace of the detected path of a dog on a single trial. The treat is in Target 4.

4.4 Results

4.4.1 Dog Behavioral Data

Dogs were generally able to follow points from their owners to find the hidden treat on our
4-cup search task. We conducted a one-sample t-test against chance levels (1/4 or 0.25). Dogs
located the treat on the first try at levels significantly above chance, M = .41, 95% CI [.33, .48],
t(15) =4.61,p < .001. Of our 16 dogs, 13 (81.3%) located the treat on the first try at above

chance levels (Figure 4.2).
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Figure 4.2: Left: Proportion of trials dogs chose each of the four cups first. Right: Proportion
of first choices correct

Dogs appear to be attracted to their owner, choosing the inner locations (meaning those
closer to their owner) 77% of the time. We examined dogs’ choices based on whether they first
chose the cup containing the item on the correct side of their owner (the Left or Right) rather
than the actual item itself. When averaging by the side of the owner, dogs performed above
chance (50%) levels, and chose the correct side of the room 72.9% of the time. This suggests
that dogs may be interpreting their owners’ gestures as broadly indicating a room side, rather
than a specific referent. Alternatively, it is possible that dogs were biased to approach their
owner and up-weight the proximity of the human above the gestures they are producing. Finally,
the gestures produced by dog owners may be increasingly vague when indicating more distant
referents, leading to increased confusion by the dogs. To better understand these possibilities,

we looked to the gestures produced by dog owners.

4.4.2 Owner Point Production

We analyzed the pointing gestures produced by dog owners across trials. Participants varied
widely in their choice of pointing style. Participants generally preferred pointing with their

right arm. Across our trials, participants used their right arm to point for their dog on 117/192
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Table 4.1: Performance from Humans Pointing for their Dogs

Distance(m)| Weighted Accuracy! Perplexity]

Eye-Wrist 0.535 (0.26)  0.685 (0.35) 3.432 (0.46)
Nose-Wrist 0.554 (0.26)  0.679 (0.35) 3.445 (0.43)
Shoulder-Wrist 0.604 (0.23)  0.670 (0.35) 3.60 (0.41)

Elbow-Wrist ~ 0.751 (0.26)  0.657 (0.35) 3.722 (0.31)

(61%). On the majority of our trials, participants used the same-side arm to point (155/192).
However, participants did still point across their bodies some of the time. The majority (12/16
or 75%) of pointers used their opposite arm (or pointed across their body) on at least one trial.
Three of our pointers pointed across their body on half of more of trials, but no pointer used a
cross-body gesture on every trial, suggesting that this is a pointing style that only feels useful
for dog owners some of the time. In comparison to Chapter 3, we see that owners naturally
point in a more variable way than experimenters. This is not surprising as owners were given no
instructions or constraints about what arms to use, though it is interesting that this variance in

arm placement and usage does not seem to be impacting dogs’ choice behaviors.

Summary metrics for each of our candidate vectors can be found in Table 4.1. As a first
metric, we considered the average Euclidean distance from the ground intersection of our
candidate vectors to the true target. In contrast with prior work (Pelgrim et al., 2024) that sub-
selected an “optimal” pointing frame for analysis, we opted to use the entirety of the produced
pointing gestures. We felt this better reflected the experience of the point receiver, namely
that the participant watches the point being produced and held, rather than just seeing the final
position. Considering the average performance of our candidate vectors across the trial, the
eye-to-wrist vector had the lowest average distance to true target in meters (M = 0.535, SD =

0.26).

As a secondary evaluation metric, we examined the weighted accuracy of the vectors. As
with Euclidean distance, the best performing vector when using weighted accuracy was also the
eye-to-wrist vector. The eye-to-wrist vector had the highest weighted accuracy (M = 0.685, SD

= 0.35). Finally, in keeping with the trend in our other two metrics the best performing vector
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(meaning lowest in perplexity) was the eye-to-wrist vector (M = 3.432, SD = 0.46). However,
the nose-wrist vector was comparable as captured by perplexity (M = 3.445, SD = 0.43). Taken
together, all three of our evaluation metrics suggest that the best body cue to follow from the
naturally produced points involves integrating cues from the gaze with those from the end of the

hand.

As an exploratory measure, we also examined the distances to targets by vector as a function
of the target number. It was possible that pointers were more accurate, as measured by Euclidean
distance, for closer targets (for example) than for further targets, regardless of vector. It was
also possible that certain vectors underperformed at further locations than at closer ones. We
conducted a mixed-effects linear regression predicting Euclidean distance to the true target as a
function of the location of the target (cup 1, 2, 3, or 4), the vector type, and a random intercept
per participant. For the purpose of this analysis, we averaged across pointed frames to calculate
the Euclidean distance averaged for each trial. If we keep each of the individual frames, the

results do not change significantly.

We found that distance to the target changed as a function of the location of the target, F'(3,
741.01) = 19.008, p < .001. Distances were generally shorter (indicating greater accuracy) for
the search targets on the right side of the owner’s body than on the left. Although we do not have
data on the handedness of our participants, this may be a result of the right-hand dominance of
most people. Averaging across vector types, the average Euclidean distance to the true target
was smallest for target 4 (M = 0.540, SD = 0.30) and was highest for target 2 (M = 0.697, SD =
0.25). This is indicative of a broader pattern where owners were more accurate (indicated by a
smaller Euclidean distance) to the outer locations than to the inner locations. Post-hoc pairwise
comparisons with a Tukey correction revealed that accuracy was significantly different (p < .05)
between the average Euclidean distance of pointing vectors between location 1 vs. 2, 1 vs. 4,
2 vs. 3, and 2 vs. 4. We saw no statistically significant difference between locations 3 vs. 4.
Notably, the closest distances from owners were for those that their dogs’ did not tend to choose,

the outer locations. It is possible that dog owners were aware of their dogs’ proximity bias and
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were more careful in their gestures for farther locations.

As discussed previously (see Table 4.1) when examining Euclidean distances to the true
target the Eye-Wrist had the lowest average distance and the Elbow-Wrist had the highest
(meaning performed the worst). From our model, we found a significant effect of vector type
on distance to target, F'(3, 740.97) = 41.509, p < .001. Post-hoc comparisons with a Tukey
correction found a statistically significant difference (p < .05) between the elbow-to-wrist vector
(our farthest) and our other three candidate vectors. We also found a statistically significant
difference between the eye-to-wrist vector and the shoulder-to-wrist vector. Finally, we found

little variance explained by participant (/ICC = 0.243).

Given that pointing gestures were in fact different as a function of the target, we examined
whether dogs’ performance related to the Euclidean distance of our best performing candidate
vector, the eye-to-wrist vector. We conducted a mixed-effects logistic regression predicting
whether dogs’ first choice was correct (measured as a binary variable) as a function of the
Euclidean distance of the top performing vector to the true target (the eye-to-wrist vector) and
the location of the target, with the random effect of participant. In keeping with findings reported
earlier, we saw a significant effect of location on success, %2 (3, N =191) =32.803, p <.001.
Post-hoc pairwise comparisons with a Tukey correction found a statistically significant (p < .05)
difference between dogs’ choice of location 1 and the two inner locations, as well as location 4
and the two inner locations. There was not a statistically significant difference between the two

inner locations (locations 2 and 3) or the two outer locations (locations 1 and 4).

We did not anticipate that there would be a statistically significant relation between Euclidean
distance of the vector, given that the pattern of Euclidean distances we observed by location
was the opposite of dogs’ choice behaviors. Specifically, dog owners tended to have smaller
distances (or more “accurate” points) to the farther locations, and have farther locations or more
ambiguous points to closer locations. From the same model, we did not see a significant effect
of the Euclidean distance of the individual point, x2 (1, N=191)=0.027, p = .870. This may

indicate that the differences between the Euclidean distance from the vector to the locations,
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while statistically significant, do not translate into perceptible differences on the part of the
dog. It is also possible that our findings are biased by dogs’ strong preference for the two inner
locations. Dog owners’ potential efforts to make precise and unambiguous gestures for the
farther locations did not appear to translate into improved choice task success. We saw little

variance explained by participants from the random effect of our model (/CC = 0.010).

Dog Path

In addition to tracking the gestures produced by owners, we evaluated the paths taken by
dogs over the course of the trial. Due to depth artifacts present in one participant’s video, 4 of
their 12 trials had to be dropped, resulting in that dog contributing 8 trials to this section. We
present results from 188 trials across our 16 dogs here. See Table 4.2 for summary statistics on

path deviation.

Table 4.2: Dog Maximum and Average Path Deviation by Location

Maximum Deviation Average Deviation
Loc. Mean (SD) Range [Min, Max] Mean (SD) Range [Min, Max]

0.399 (0.328) [0.024, 1.480] 0.112 (0.105) [0.007, 0.382]
0.255 (0.182) [0.021, 0.855] 0.062 (0.058) [0.005, 0.307]
0.319 (0.313) [0.030, 1.232] 0.066 (0.064) [0.006, 0.378]
0.406 (0.237) [0.052, 0.970] 0.102 (0.066) [0.013, 0.239]

A W =

We examined how close dogs were on their approach path to the most efficient route. We
defined approach path as starting when the dog was waiting in their start box, just prior to
being released to start their search. The approach ended once they were at their first choice,
defined as within less than 0.3 m of the first chosen target. For the duration of this path, we
compared the true path taken by the dog with the most efficient route they could have taken. We
operationalized the most efficient route as the optimal path, defined as the straight line from the
start position to the relevant item. We were most interested in comparing their approach to the

optimal path for dogs’ first choice

We examined deviation from the optimal path in two ways. The first was to consider how far,
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during their initial approach phase, the participant ever was from the optimal path they could
have taken. Put another way, what is the maximum distance they were from the optimal path to
their first chosen target? Grouping by their first chosen location, dogs tended to deviate more
from the optimal path when their first choice was one of the two outer locations than when it was
one of the inner ones. Dogs had the highest average maximum path deviation for location 4 (M
=0.406, SD = 0.24, Range = 0.05 - 0.97 m). In contrast, the shortest maximum path deviation
was for approaches to location 2 (M = 0.255, SD = 0.18, Range = 0.02 - 0.85 m). When their
first choice was the correct one, we saw consistently smaller deviations from the optimal path

across all four targets.

We also evaluated deviation from the optimal path as an average over the course of the
approach. Similar to the maximum path deviation, dogs generally deviated less from the optimal
path when choosing the inner locations first, as compared to when they chose the outer locations
first. Unlike with the maximum path deviation, the average optimal path deviation for dogs was
the largest for location 1 (M =0.112, SD =0.11, Range = 0.01 - 0.38 m). The smallest average
path deviation was for approaches to location 2 (M = 0.062, SD = 0.06, Range = 0.004 - 0.31 m),
just as we saw for the maximum path deviation. We also found that the average path deviation

was consistently smaller when the first chosen cup was also the correct one.

Dogs’ path deviation when following points from an owner and an experimenter (Chapter 3)
followed a similar pattern (Figure 4.3). Dogs took the most direct route to the inner locations
and took more indirect paths to choose the outer locations. When following points from an
experimenter, dogs tended to deviate much more from the efficient route. This may be because
there was less ambiguity when following gestures from their owners, or that dogs were more
confident in their choices and needed less processing time. It is also possible that dogs were just
generally more hesitant to approach the experimenter in Chapter 3, which could have resulted in
hesitancy and path deviation as they resolved an internal conflict. However, this seems unlikely

as dogs tended to first select the cups closest to the experimenter.
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Figure 4.3: Average deviation from optimal path when following points from an owner and from
an experimenter. Experimenter data is from Chapter 3.

Exploratory Phase: Pointing for an Experimenter

We analyzed the pointing gestures produced by dog owners for an experimenter after pointing
for their dog. We collected a total of 167 trials. As mentioned above in the Data Coding &
Preparation section, one dog owner was unable to contribute any data to this exploratory section
due to dog stress. The minimum number of trials contributed in our sample was 5, and the modal

contribution was 12.

We analyzed the points produced during this exploratory phase using the same three metrics
as above, see Table 4.3. Consistent with points produced for their dog while the dog was actually
searching, the most accurate vector as evaluated by Euclidean distance was the Eye-Wrist Vector
(M =0.464, SD = 0.24). Interestingly, when considering weighted accuracy, the shoulder-wrist
vector performed the best (M = 0.670, SD = 0.35). This pattern differs from that seen in points
produced for dogs while the dog is actually searching. Finally, the best performing vector as
captured by perplexity was the Nose-Wrist (M = 3.450, SD = 0.39) however it was exceptionally
close to the Eye-Wrist vector (M = 3.469, SD = 0.41).
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Table 4.3: Performance from Human Pointing for an Experimenter

Distance(m)| Weighted Accuracy! Perplexity]

Eye-Wrist 0.464 (0.24)  0.636 (0.36) 3.469 (0.41)
Nose-Wrist 0.471(0.25)  0.638 (0.36) 3.450 (0.39)
Shoulder-Wrist  0.638 (0.34)  0.670 (0.35) 3.711(0.37)
Elbow-Wrist  0.785(0.29)  0.618 (0.34) 3.840 (0.21)

We also examined the distances to targets produced for an experimenter by vector type as
a function of the target number. We conducted a mixed-effects linear regression predicting
Euclidean distance to the true target as a function of the location of the target (cup 1, 2, 3, or 4)
the vector type, and a random intercept per participant. As with points produced for dogs, we
found that distance to the target changed as a function of the location of the target, (3, 646.52)

=19.30, p < .001.

Distances were generally shorter for the search targets on the right side of the experimenter’s
body than on the left. Like with points produced for their own dog, this may be influenced
by the handedness of our participants. Averaging across vector types, the average Euclidean
distance to true target was smallest for target 3 (M = 0.517, SD = 0.30) and was highest for target
2 (M =0.649, SD = 0.15). Post-hoc pairwise comparisons with a Tukey correction revealed
that accuracy was significantly different (p < .05) between the average Euclidean distance of

pointing vectors between location 1 vs. 3, 1 vs. 4,2 vs. 3, and 2 vs. 4.

From our model we also found a significant effect of vector type on distance to target, F'(3,
646.05) = 84.38, p < .001. Post-hoc comparisons with a Tukey correction found a statistically
significant difference (p < .05) between the elbow-to-wrist vector (our farthest) and our other
three candidate vectors. We also found a statistically significant difference between the eye-
to-wrist vector and the shoulder-to-wrist vector, as well as the nose-to-wrist vector and the
shoulder-to-wrist vector. Finally, we saw a little variance explained by participant from the

random effect in our model (/CC = 0.213)
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4.5 Discussion

In this chapter, we have explored how owners freely point for their dogs and for an experi-
menter on an object search task. We found that dogs were successful on this task, performing
significantly above levels expected by chance alone, but they are nowhere near ceiling. This was
a challenging task for dogs, and they frequently made errors. Dogs preferentially selected the
locations closest to their owners, first selecting the two inner locations on the vast majority of
trials. This suggests that the proximity of their owner may be an overwhelmingly strong cue for

dogs.

Our findings with dogs are highly consistent with those reported in Chapter 3 when dogs
were following points produced by an experimenter. Specifically, dogs were generally following
the point at levels significantly different from chance but not near ceiling. Further, they were
generally skillful at going to the correct side of the room but struggle to avoid choosing the inner
locations. It is interesting that dogs were behaving in a comparable way when the pointer was
their owner and when it was a stranger (the experimenter). Further, owners often pointed in
unique ways and we observed individual differences in factors like arm usage and cross-body
pointing. However, this appeared to neither help nor hinder dogs’ ability to find the hidden treat

on this search task.

The challenge of approaching (or failing to avoid) their guardian was also reflected in the
way that dogs approached to make their choices. Dogs were generally following the more
efficient route when first selecting the inner cups, particularly when they were correct. In
contrast, dogs deviated from the optimal route when selecting the outer cups. For the purposes
of this exploration, we have only considered magnitude deviation from the optimal path. Future
research might explore in depth what those deviations look like, and consider categorizing

different approach paths based on location or based on dog success.

We applied four candidate vectors to naturalistically produced points and evaluated how

closely those vectors aligned with the real-world pointing target. We found that when considering
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Euclidean distance, weighted accuracy, and perplexity, the ray-cast vector from the eye to the
wrist performed best. The close alignment of this particular vector with the true targets suggests
that pointing gestures, as they are naturally produced, are best captured by integrating the
positioning of the eyes (or the gaze) with the position of the wrist. This may mean that
separating gaze from pointing severs the most naturally produced directions and may help
to explain confusion seen in prior work. If a pointing gesture to a distant object is naturally
produced by the pointer aligning their gaze with the movement of their hand, then forcing a
pointer to gaze differently disrupts the cues they would naturally create. This may result in
confusion on the part of the point viewer, who may be used to starting the processing of a distant
point cue by attending to the position of the pointer’s face. Future work can consider exploring
what kinds of visual patterns point viewers use, potentially using wearable eye-tracking on a

comparable search task.

When pointing for an experimenter, we saw some differences in the cue alignment relative
to pointing for dogs. Anecdotally, many dog owners described feeling ““a bit silly” and would
spontaneously chuckle while pointing, as pointing for another adult human in such a constrained
context may feel unnatural. Future work might consider exploring how people point for other
non-adult agents, such as considering how points are naturalistically produced for a child or
for a robot. Alternatively, the pointing task itself could be made more ambiguous and involve

searching with a partner rather than the sort of instruction present in the current task.

The dataset we collected has a rich variety of data that may be explored by future researchers.
As previously mentioned, pointing is generally described qualitatively in the literature. Future
work might explore how naturalistic points produced by dog owners for their dogs would be
described or categorized using a similar approach. Further, future analysis could consider coding
for the vocalizations generated by dog guardians when pointing for their dogs. No vocalizations
were produced when pointing for an experimenter, but people frequently called their dogs name,
used attention-grabbing sounds, or provided verbal encouragement before searching began. This

could be examined quantitatively to consider how people may be naturally incorporating cues
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above and beyond body language to provide social-communicative information.

Finally, future work can consider expanding into other species. In piloting data, attempts
to have parents naturalistically produce points for their toddlers failed due to the toddlers’
unwillingness to wait away from the parent. Potentially by using two-parent households or by
working with older ages, future researchers may apply the same approach we have outlined here

to parents pointing for their children, and see how that differs from the human-dog context.
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CHAPTER S

Collaborative Object Search

5.1 Introduction

Collaborating with others on shared tasks is a sophisticated and adaptive skill. Collaboration
involves multiple individuals working together to achieve a common goal, typically when that
goal could not be achieved independently or when it would be very difficult to do so (Hopper
& Cronin, 2018). Taken from the start of a task, collaboration may require an individual to
evaluate the problem independently, determine if they are unable to solve it on their own, recruit
a partner, and then work with that partner in a coordinated fashion to complete the task. The
ability to successfully partner in this context requires an ability to form and represent shared
goals with another. A collaborator must also maintain some kind of knowledge about their
partner’s reliability, relationships, as well as their skillfulness (Dale et al., 2020; Hermes et al.,

2016).

5.1.1 Shared Intentionality and Human Cooperation

As human beings, we collaborate in play, engaging our social partner in games and sports
for social connection and fun. We also work together in a variety of other contexts, teaching,

building, and providing care. Some theories of human uniqueness focus on our ability to
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collaborate with others, arguing that this sets us apart from other species. One such theory is the

shared intentionality hypothesis (Tomasello et al., 2005).

As a highly visual species, our collaborative activities are highlighted by a series of specific
visual interactions. The shared intentionality hypothesis emphasizes the importance of visual
collaboration between social partners, characterizing three levels of engagement. As human
beings develop through these levels, we eventually surpass our closest genetic relatives (chim-
panzees) in our collaborative abilities. Critically, the shared intentionality hypothesis defines,
at each level, key visual behaviors that identify the level. These visual behaviors are taken
as a proxy or at least a behavioral correlate of the developing cognitive abilities of the mind

(Tomasello et al., 2005).

We first engage in dyadic engagement. Shared with other species, dyadic engagement
involves turn-taking and sharing behaviors. At this level, social partners can share emotions and
engage behaviorally without having to represent anything about their partner’s mind. In human
beings, this ability first develops around 3 months of age. The key visual behavior correlate of
dyadic engagement is mutual gaze, which involves simultaneous looking to the face of a social

partner (Tomasello et al., 2005).

Human beings begin to leave Chimpanzees behind later in our second year of life. At9
months of age, we begin to engage in triadic engagement. At this level, partners can share goals,
and can integrate their perspective or perceptual cues with those of their social partner. The key
visual-behavioral correlate of triadic engagement is visual re-engagement, which involves re-
initiation or communication by a social partner when a shared activity is interrupted (Tomasello

et al., 2005).

At the start of the second year of life, between 12 and 15 months, children develop the
third and final level, collaborative engagement. Collaborative engagement allows partners to
understand each other’s intentions, plans, and motivations. The key visual behavioral correlate

of collaborative engagement is joint attention.
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As a cognitive process, joint attention is the process of actively engaging with a social partner
while also engaging or interacting with an object. This requires representing the attentional state
of the social partner and coordinating your goals to work together in a rich social interaction
(Baldwin et al., 2001; Carpenter et al., 1995; Kaplan & Hafner, 2006; Malle, 2008). This suite of
cognitive abilities has to be operationalized by researchers, which requires balancing subjectivity
and rigor (see review by Bradley et al., 2023). Prior work focusing on the development of
joint attention has used questionnaires, and behavioral coding techniques, though these have
received criticism for being too subjective and relying too much on the individual researcher
attributing intentionality to an observed situation. When efforts are made to be more quantitative
using decision trees or visual sequences, the operationalization varies widely across studies
(Bradley et al., 2023). For example, one coding scheme requires that a bid for joint attention
be intentional, requiring the coder to determine that the initiator act with purpose and “non-
randomly”. This approach also requires that the initiator verifies that their partner is looking at
the item, meaning that they disengage from the item and/or provide a clear acknowledgment of

the partner’s engagement (Gabouer & Bortfeld, 2021).

Eye-tracking helps to provide quantifiable measures of visual attention, and helps to make
definitions of joint attention comparable across studies. Head-mounted eye-tracking in particular
allows for naturalistic interactions, capturing the participants’ first-person perspective as they
move through the world. When tested in eye-tracking studies, joint attention is typically
operationalized as the participants looking to an object simultaneously (Abney et al., 2017; Guo
& Feng, 2013; Monroy et al., 2020; Yu & Smith, 2013). A major advantage of eye-tracking for
studying joint attention is also the capture of subtle shifts of attention. Momentary distractions,
or momentary engagement, can both be captured through subtle movements of the eyes that

would be very challenging to record from a third-person perspective.

We know that visual behaviors such as mutual gaze and joint attention to objects are critical
features of social communication and partnership in human-human interactions (Franchak et al.,

2018; Monroy et al., 2020; Yu & Smith, 2013). The operationalization of joint attention is
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contentious, as described above. In contrast, mutual gaze is simply looking at one anothers faces
(Franchak et al., 2018; Tomasello et al., 2005). There is little debate over how mutual gaze
should be operationalized, possibly because this is a behavior that is shared across species and is

not theorized to be indicative of rich or complex cognitive abilities (Tomasello et al., 2005).

Joint attention and mutual gaze are often related and can co-occur in close temporal proximity.
For example, mutual gaze may end with one person looking at an object. The second participant
may notice that the mutual gaze ended and follow the other person’s attention to the object. This
change in visual attention the second participant makes begins a period of joint attention to the
object. Some developmental studies have integrated mutual gaze to operationalize joint attention.
For example, Carpenter et al., (1995) counted joint attention as looking at the face and an object
within 3 seconds. These stricter definitions are in the minority, and most of the developmental

literature uses the simultaneous visual attention described above.

Taken together, by the second year of life, human beings can use joint attention, mutual gaze,
and visual re-engagement while participating in collaborative tasks. These visual behavioral
signifiers help us to achieve shared goals and intentions. But are they really unique to human
beings? Most critically, is joint attention (the visual behavioral correlate of collaborative

engagement) truly only seen in our species?

Typical comparisons to chimpanzees are have contributed to a wealth of knowledge under-
standing where we have diverged from our most recent common ancestor, but they have also been
plagued by poor species-normative designs. Chimpanzees have a different ecology than human
children, and prior work has sometimes expected atypical behaviors from chimps. This has
previously led to underestimations of animal abilities in domains like visual perspective taking.
For example, chimpanzees were historically thought to be unable to take the perspective of
another. Chimps failed tasks requiring them to selectively beg for food from a human informant
with visual access to them vs. an informant who could not see them (Povinelli & Eddy, 1996).
Chimpanzees are typically competitive eaters, and begging for food from human informants is

not the most ecologically valid test. In a subsequent paradigm where a subordinate chimpanzee
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had to compete for food against a dominant chimp, chimpanzees were able to take the perspective
of others (seen in this context by the subordinate chimp grabbing the food the dominant chimp
could not see vs. the food the in the dominant chimp’s line of sight) (Brauer et al., 2007; Hare
et al., 2001). Changing the study design to expect species appropriate behaviors has helped, but
to explicitly test theories of human unique cognition we may be better suited by looking at a

species that naturally works with us, domestic dogs.

As mentioned in Chapter 1, the natural social partner for the domestic dog is human beings.
Dogs and humans work together on various tasks in an applied working context and as pets.
In classic tests of collaboration, dogs can successfully work with human partners (Range et
al., 2019). Dogs are able to do this flexibly, waiting for their partner through varying time
delays. Despite dogs’ known success at cooperation, we do not know what features of visual
communication promote successful human-dog collaboration and if these features are similar to

those seen in human-human teams.

Recent work with dogs has challenged the uniquely human aspect of the second level of
the shared intentionality hypothesis, triadic engagement. When there is a break in the activity,
humans visually re-engage with each other. Visual re-engagement involves moving into the line
of view of the partner or initiating mutual gaze or joint attention to resume a shared activity.
Social partners re-engage each other, so when there are breaks in joint attention or mutual gaze,
either partner may be the re-initiator. When play is interrupted, dogs re-engage with social
partners, a sign of triadic engagement also seen in Bonobos (Byrne et al., 2023; Heesen et al.,
2020; Horschler et al., 2022). More specifically, during a play bout with a toy, when the human
partner looks away and stops playing, dogs attempt to re-engage the human using a variety of
strategies. Like behaviors seen in human children, dogs make eye contact and offer the toy to the
partner who was previously playing with them, and they do both of these to the previous player
more than they do to a bystander (Byrne et al., 2023; Horschler et al., 2022; Warneken et al.,
2006). This is taken as a signal that the previous player and the dog were engaged in a shared

goal (play) and is one component of joint intentionality. Re-engagement after the interruption of
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activity is, in the view of the shared intentionality hypothesis, stated explicitly to be unique to

human beings (Tomasello et al., 2005).

Dogs’ ability to selectively re-engage social partners has to develop. Human infants are able
to re-engage a social partner from 9 months of age (Ross & Lollis, 1987). By the second year of
life, children are robustly able to use re-engagement to facilitate cooperation across contexts
(Warneken et al., 2012). Unlike human infants, 8-week-old puppies do not preferentially re-
engage a previous playmate (Jonkoski et al., 2026). Described as indiscriminately social, they
are equally likely to attempt to engage with a bystander as with a prior social partner when
play was interrupted. Further research is still required on the precise developmental timeline of
re-engagement behaviors in dogs to understand when this ability emerges. Findings from adult
dogs and puppies suggest that what sets human visual re-engagement apart may be the early

emergence in development, rather than the behavior itself.

Do dogs engage in joint attention? Given their prior observed success in collaborating
with human partners, dogs may display the key visual behavioral correlate of collaborative
engagement, joint attention. Moreover, do visual behaviors like mutual gaze and joint attention
serve similar functions in this cross-species context? It is possible that dogs display joint
attention, as typically operationalized, but that it does not actually indicate any of the cognitive
mechanisms of human joint attention. If true, we might see joint attention displayed in visual
behaviors but they would not have a relationship to success in a collaborative task. This would
provide very strong evidence for the need to update how we operationalize joint attention, but
would still support the shared intentionality hypothesis broadly. Alternatively, we could see joint
attention in human-dog interactions, and it could help to facilitate cooperation. If observed, this
would provide evidence for a rewriting of the shared intentionality hypothesis. Specifically, the
ability to engage in the key visual behavioral correlate of collaborative engagement would no
longer be unique to our species. Remedying this could involve a stricter operationalization of
the visual behavior of joint attention, or the creation of a scale or gradient of joint attention with

human-dog joint attention at one end and full adult human joint attention at the other. Either
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way, the findings of this study will have significant implications for our theories of what sets us

apart from other species.

5.1.2 Factors Influencing Collaboration

People cooperate and collaborate with each other on the basis of a variety of factors. When
deciding whether to work with someone, and the extent to which we want to collaborate with
that person, we may consider our emotional connection to our candidate partner (Huang &
Lajoie, 2023). In human collaboration, the social-emotional bond plays a vital role. We prefer
to work with those we feel more bonded to, but we do not only extend emotional bonds to
human beings. People bond to varying degrees with their dogs, perceiving different levels of
relationship closeness. To examine if this had a potential impact in this cross-species context,
we gathered survey data from dog owners on their perceived emotional bond with their dogs
(Dwyer et al., 2006; Howell et al., 2017). We then examined if dog-owner perceived bond was

correlated to task success.

Another major factor in efficiency of and willingness to collaborate is perceived intelligence.
The perceived intelligence of a social partner or agent is a frequent topic in the robotics literature
and in human-machine interaction studies (Gao et al., 2025; Liao et al., 2024). If we perceive
a candidate partner as intelligent we are more likely to want to work with them, seeing the
collaboration as more advantageous. Perceptions of intelligence extend not only to human
beings but also to robots. People make judgments about perceived dog intelligence, but does this
impact collaborative success? To test this we gathered data on dog owners’ perceptions of their
dogs’ intelligence prior to task participation to determine if there was a relationship between

perceived intelligence and task success (Pelgrim et al., 2026; Ross et al., 2024).

In this study, we aimed to explore, using dual-eye-tracking on an ecologically valid task,
the visual behaviors in human-dog teams (hereafter dyads). Researchers have often used dual
eye-tracking paradigms to study the visual behaviors behind human interactions. In these setups,

participants (typically parents and children) wear head-mounted eye-trackers while interacting
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with stimuli. These paradigms often emulate natural object-oriented play. Work using these
systems has uncovered how children and parents orient their attention in an ecologically valid
context (Monroy et al., 2020; Yu & Smith, 2013). Dual eye-tracking paradigms have also
revealed the importance of joint attention in a pedagogical context (Shvarts, 2018) and how

adults coordinate their attention in collaborative games (Jermann et al., 2010).

Joint attention and mutual gaze predict success in cooperative tasks in human teams. We
examined if key visual behaviors served a similar role (meaning that they promote cooperation)
in this cross-species context. We expected to see both visual behaviors in dyads and hypothesized
that these visual interactions served a similar purpose in dyads as in a human-human context.
We anticipated that increased instances of mutual gaze and joint attention would predict success
on the object search task. We also explored if the dog-owner perceived intelligence and dog

owner perceived emotional bond related to success on this cooperative task.

5.2 Methods

5.2.1 Participants

The participants were 13 dog-owner pairs. 13 dogs (6 = Female, 7 = Male, Mean Age =
64.70 Months, Age Range = 14.59 - 127.33 Months) and 13 adults. Our human participants
self-reported gender as 10 “Female” and 3 “Male”. They self-reported race/ethnicity as 9
“White”, 2 “Asian”, 1 “Black or African American and Asian” and 1 “Latino or Hispanic and
White”. Dogs were recruited from the eye-tracking goggle training program at Brown University.
An additional 4 dyads were excluded due to (1) Equipment failure resulting in data loss (N = 2),

and (2) failure of the dog to wear the goggles comfortably (N = 2)

5.2.2 Ethics Note

All ethics guidelines were followed, and study procedures were approved by the relevant

ethics committees. All components of the study involving dogs were approved by the Brown
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Institutional Animal Care and Use Committee, Protocol Number 23-09-0002. Components
of the study involving adult humans were approved by the Brown Institutional Review Board

Protocol Number STUDY00000124.

5.2.3 Materials
Eye-Trackers

During our experiment, dogs and their guardians wore wearable eye-trackers for the duration
of the session (Figure 5.1). Dogs wore a custom-developed head-mounted eye-tracker, where
two cameras were affixed to commercially available dog goggles (Positive Science, Inc.). This
system has previously been used and validated in dogs (Pelgrim et al., 2022, 2025). In line with
past work, in addition to the eye-tracking goggles, dogs wore a harness throughout their session
to hold the recording and battery packs. Dog guardians wore eye-tracking glasses (Positive
Science, Inc.) and carried their recording and battery packs in a clear cross-body bag. The
eye-trackers also record audio for the duration of the session. Vocalizations from either the dog

or the guardian were picked up from their worn eye-trackers.

Room Set Up

The room setup (Figure 5.2) was identical for all dog-guardian pairs. The room contained
objects of different sizes and were located at different heights to serve as potential hiding
locations. Locations were classified either as dog-accessible, meaning that dogs are physically
able to access and consume a treat hidden there independently, or dog-inaccessible, meaning that
dogs are physically unable to access the treat without human intervention. Dyads were assigned
to one of two hiding arrangements that determined the precise locations of the hidden treats.

The order of hiding was randomized for each dog so that test trial accessibility types alternated.
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Figure 5.1: An example of participants searching a cup at the end of a trial. Both participants
(Left) are wearing eye-trackers and we synchronize the human’s perspective (Top Right) with
the dogs’ (Bottom Right). This is also an example of joint attention, with both participants
simultaneously looking at the same object.

Guardian Surveys

Prior to attending their session, dog guardians completed the Monash Dog Owner Rela-
tionship Scale (MDORS) (Dwyer et al., 2006; Howell et al., 2017) and the Dog Intelligence
Perceptions Survey (Pelgrim et al., 2026; Ross et al., 2024). If dog owners had previously
completed the Dog Intelligence Perceptions Survey as part of a prior unrelated study, they did

not complete the survey a second time. Their original responses were used.

5.2.4 Procedure

At the start of the session, participants were fitted with their eye-tracking equipment and
they completed a calibration procedure. During the procedure, a participant followed an item of

interest with their eyes. Dogs were calibrated using a treat, and their guardian held their head

123



Arrangement 1 Arrangement 2

21 18 - - 21

2T U2
267 LE"
26'7 8"
rr

%7 58"

26'7 58"

(] °
(XX
21 g - - 21 18
PRI o - - 21" 11 ng*
Key
= Dog-Accessible Search Location = Dog-Inaccessible Search Location
- = Dog-Accessible Distractor Location . = Dog-Inaccessible Distractor Location

Figure 5.2: The items in the room were arranged identically for all participants. Participants
were randomly assigned to be in one of two hiding arrangements.

approximately still. Guardians were instructed to not move their head and watch a small toy.
If at any point during the session there were concerns about a disruption of the eye-tracker, a
portable LCD screen was used to verify a good eye-image. If the eye camera had been disturbed,
a calibration procedure was repeated. In the event of other disturbances (i.e., hair fell into
the eyes disrupting the eye-image) the situation was resolved without the need for additional

calibration (i.e., hair was removed from the face and re-tucked within the goggle frame).

During test trials, the experimenter hid a treat while both participants were in the waiting
room. Depending on the trial accessibility type, either the dog or the owner watched the hiding
and the other member of the pair did not observe. In dog-led search trials (3 total), dogs were able
to view the hiding of the treat in a dog-inaccessible search location while their guardian could

not see. To find the treat, dogs had to recruit their owner to get the treat from the inaccessible
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location. In guardian-led search trials (3 total), guardians viewed the hiding of the treat in a
dog-accessible search location. To help their dog find the treat, guardians had to engage their
dog and direct them to the accessible location to search there. At the start of all test trials, dogs
were given a 5-second head start to begin the trial while guardians could watch and speak but
not enter the room. This allowed dogs to begin to attempt the task independently, though this
behavior was rare and the majority of dogs waited in the waiting room for their owner. After 5
seconds, guardians were permitted to enter the rooms. Dyads had a total of 2 minutes to search

for the hidden treat.

After test trials, dogs completed two control trials. During these, dogs were able to view the
hiding, and the treat was hidden in a dog-accessible location. These trials could be solved entirely
independently by the dog and did not require but could contain cooperation or engagement with
their guardian. This helped us to assess baseline levels of joint attention or mutual gaze in the
absence of information seeking. If these visual behaviors were present at the same rate in the
control trials as in our test trials, it would suggest that the visual behaviors are not serving a
similar role to that seen in humans. As with test trials, dogs were given a 5-second head start to
begin approaching the task. The session concluded with a final calibration procedure for both

dog and guardian.

5.3 Data Coding

5.3.1 Behavioral Data

During the session, dyads were recorded as successful or unsuccessful at finding a treat
on a given trial. Using video recording after the session, the timing for successful trials was

determined.
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5.3.2 Eye-Tracking Data

After the session, videos from the head-mounted eye-trackers were rendered into usable
eye-tracking data using Yarbus eye-tracking software (Positive Science, Inc.). This identified
the timing (start and stop times) and direction (x-y coordinates) of participants’ fixations. In
keeping with prior work, fixations were defined as stable eye positions lasting at least 100 ms
(Pelgrim et al., 2022, 2025). For each fixation that occurred during trials, the item the participant
fixated on, hereafter referred to as the target of fixation, was manually coded using Gazetag

software (Positive Science, Inc.).

The accuracy of the rendered footage was assessed for each participant. In keeping with
past work, we used supplemental points from our calibration procedure that had not been used
to generate the rendered files (Pelgrim et al., 2022, 2025). This allowed us to determine the
difference between the estimated fixation target (as generated from the rendered eye-tracking)
and the true fixation target (the item being held by the experimenter). We used a total of 20

frames across the visual field of the participant to determine average calibration accuracy.

Fixation targets were defined as one of 17 possible search locations (used for all joint-
attention analyses), the partner (used for all mutual-gaze analyses), the experimenter, the floor,
or off-target. Each fixation was coded by two independent coders (MHP and one of two research

assistants). In the event of disagreement between the coders, coders met and came to a consensus.

We synchronized eye-tracking data across participants manually. After synchronization,
we examined fixation target data for specific visual behaviors of interest. First, we identified
instances where dogs and their guardians looked to each other, termed mutual gaze. We opera-
tionally defined mutual gaze as instances where the dog and the guardian were simultaneously

fixated to the ROI “partner”.

Our second key visual behavior was joint attention. In line with past work (Yu & Smith,
2013), we operationalized joint attention in two ways, synchronized and sustained joint attention.

Synchronized joint attention we defined as any individual fixation where both partners were
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fixated on the same ROI. Sustained joint attention captured instances of repeated synchronized
joint attention. In keeping with prior work from children (Yu & Smith, 2013) we defined
sustained joint attention as instances of synchronized joint attention that were separated in time

by less than 300 ms and in total summed to over 500 ms. We acknowledge that

When there was a look at the same location/item by both individuals (synchronized joint
attention), we determined who (dog or human) looked at the item first and how long it took for
the partner to look at that item. This allows us to determine, for each instance of joint attention,
who the leader of the visual interaction was and how much they led. We called the time between

the look to the item by the leader and by the follower the lag time.

As an exploratory measure, we also looked for two additional visual behaviors, referential
gaze and gaze alternation. We operationalized referential gaze as looking to the partner within
2 seconds of a fixation to a potential search location. We also captured instances of gaze
alternation, operationalized as a three-part series of fixations involving a look to the partner, an
object, and the partner again (or object, partner, object again), all occurring within 2 seconds.
These kinds of visual referential communications have previously been observed in dogs through
recordings of head movements and estimations of gazing behaviors, but have not been seen in

eye-tracking data (Marshall-Pescini et al., 2013; Merola et al., 2012; Pelgrim et al., 2024).

5.4 Results

5.4.1 Survey Data

On a scale of 0-100, dog owners in our sample viewed their dogs as above average in
intelligence, M = 78.15, SD = 14.87, Range = 33 - 90. Using the complete survey, dog perceived
intelligence can be broken down along the three sub-components, skill in social reasoning,
challenges with physical reasoning, and temperament (approach to novel situations and general
executive function skills). We averaged across the items to generate a score per component for

each participants, and scores had a potential range of 0-100. Owners reported their dogs as
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having few problems with physical reasoning (M = 25.5, SD =11.9, Range = 12.2 - 53.3). In
contrast, owners in our sample reported their dogs as being skilled at social reasoning (M = 62.3,
SD =12.2, Range = 41.6 - 80.4). Finally, owners in our sample reported more modest ratings on

our temperament component (M =51.7, SD = 9.84, Range = 37 - 74).

Dog owners in our sample were highly bonded to their dogs, and perceived a close relationship
as measured by the MDORS (Dwyer et al., 2006; Howell et al., 2017). The MDORS contains
three sub-scales and participants are given a score for each sub-scale by averaging the individual
items within it. Some items are reverse scored so that the scale can consistently be read on a
1-5 with higher scores indicating a higher perceived relationship quality. From our sample, dog
owners perceived the costs of owning their dog as low (M =4.12, SD = 0.79). Owners also
reported high levels of interaction with their dogs (M = 3.98, SD = 0.55) and perceived high

levels of emotional closeness (M = 4.06, SD = 0.65).

We explored if dog-owner perceived bond (as measured by MDORS) and dog-owner per-
ceived intelligence correlated with performance on the object search task. It was possible that
dog-owner teams with closer owner-perceived bonds would be more successful. However,
because of self-selection in our sample, we have little variance in owner-perceived bond and
intelligence. With the exception of one participant (who rated dog intelligence as a 33 on our
scale of 0-100), participants generally believed their dogs to be highly intelligent, have few
problems with physical reasoning, be highly skilled at social reasoning, and have a moderate
temperament. We found no statistically significant correlation (p > .05) between any of our
measures of dog intelligence and average dyas task performance. Dog owners also perceived
the costs of owning their dogs as low, and interacted and felt emotionally close to their dogs.
Similarly, we found no statistically significant (p > .05) relationship between the total MDORS
score or any of the subscales. Conclusions from these findings should be limited due to the
minimal variance in our survey data. It is possible that bond and perceived intelligence to play a

role in human-dog collaboration, but that we were not able to detect the effects here.
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5.4.2 Behavioral Data

Dyads successfully found the treat on 70/78 test trials (89.74%). When they were guided by
their guardian, all dogs were successful, finding the treat on 39/39 test trials (100 %). While
still successful, dyads were less likely to find the treat when dogs knew the location. During
dog-led search trials dyads successfully found the treat on 31/39 trials (79.49%). Similarly, the
average time to completion in seconds was lower for owner-led searches (M = 17.4, SD = 6.70)
than for dog-led searches (M = 42.8, SD = 31.8). All participants found the treat on all control
trials, 26/26 control trials (100 %). Control trials were also solved quickly (M = 8.59, SD =
7.03). Half of the control trials (13/26) were solved by dogs during their head-start phase (the

first 5 seconds) prior to the owner entering the room.

5.4.3 Eye-Tracking Data

Calibration accuracy was comparable to that seen in prior work. Human participants had an
average calibration accuracy of 2.82°. Dog participants had an average calibration accuracy of
3.18°. Across the sessions, coders initially agreed on 86.07% of fixations. The coders resolved
all instances of disagreement for the codings present in this analysis. Across our trials we had a

total of 9,352 fixations used for analysis.

Our two key visual behaviors of interest were mutual gaze (simultaneous looks to each other)
and joint attention (simultaneous looks to an object). Individual bouts of mutual gaze tended to
be short (M = 195.45 ms, SD = 0.29) and were observed in 13/13 pairs and on 53/78 individual
test trials. On trials where mutual gaze was present it, it took up 8% of total fixation time. In
comparison to prior work with human children, individual bouts of mutual gaze last for a shorter
period of time between people and dogs; however, they are occurring for a comparable amount
of total trial time (Yu & Smith, 2013). Bouts of synchronized joint attention tended to also last
be short (M = 178.67 ms, SD = 0.17). Joint attention bouts were observed in 13/13 pairs and
on 54/78 individual test trials. On trials where joint attention was present, participants spent an

average of 9% of the trial jointly attending to a search location.
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We conducted a mixed-effects regression to explore if our two key visual behaviors (mutual
gaze and joint attention) predicted task success. Specifically, we explored how the proportion
of fixations from a trial engaged in mutual gaze, the proportion spent in synchronized joint
attention, and a potential interaction between the two predicted the logged time to success on
each trial'. For the purpose of this analysis, we removed the 8 unsuccessful trials as those trials

did not have a time outcome. We also included a random effect per dyad.

The proportion of mutual gaze engaged in during a trial had a significant main effect on time
to task success, F(1,519.55) = 14.23, p < .001. Dyads who engaged in more mutual gaze tended
to have shorter trial times, meaning they were successful faster. Likewise, the proportion of time
engaged in joint attention had a shortening effect on logged trial time, F(1,507.93) =28.94,p <
.001. Finally, there was a significant interaction between the proportion of time spent in joint
attention and mutual gaze in predicting time to trial success, F(1,517.91) = 38.616, p < .001.
We found that the amount of mutual gaze could speed up or slow down dyads depending on the
amount of joint attention on that trial. Dyads who engaged in longer amounts of joint attention
and longer amounts of mutual gaze had slower overall trials. In contrast, dyads that engaged
in shorter joint attention and longer mutual gaze had shorter overall trials (Figure 5.3). This
suggests that the relation between collaborative or shared looking patterns and task success may
be an inverse U-shaped curve. Some level of collaborative looks, be it mutual gaze or joint
attention, help dyads to coordinate and locate the hidden item. However, too much collaborative
looking slows them down and may hinder more than it helps. We also saw a moderate level of

variance explained by dyads from the random effect in our model (/CC = 0.376).

The observed relation between joint attention and mutual gaze is also consistent across
trial types. When considering dog-led trials and owner-led trials separately, we see the same
pattern of results presented above. This suggests that the interactive pattern of joint attention

and mutual gaze is one that is indicative of dog-human interactions generally. If we had only

"'We used logged trial time for this analysis because raw trial time violated heteroscedasticity. We also explored
dropping the outliers that were driving this violation (all outlying trials were from a single dyad), incorporating
clustering, and dropping the outlying cluster. All of these resulted in the same pattern of results presented below.
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Figure 5.3: Relationship between the proportion of trial fixations engaged in mutual gaze and
joint attention on logged time to success.

seen a relationship between joint-attention and task success (for example) on owner-led trials, it
would be likely that the patterns of visual behavior were being driven strictly by the owner who

knew the information and had all of the necessary context.

In keeping with prior eye-tracking work (Pelgrim et al., 2022; Yu & Smith, 2013), levels
of our two key visual behaviors could also be operationalized as proportion of total trial time
rather than proportion of trial fixation time. This is a subtle difference, but proportions of trial
time are typically smaller than proportions of fixation time. By the definition of a fixation (a
stable look lasting at least 100 ms) there are instances of transition where the eye moves from
one fixation to the next, blinks, and other brief sequences of time without any fixation data. By
calculating both ways, we can feel confident that the pattern being reported is robust and not
being over-inflated due to tracking losses for reasons cited above. When we calculated joint

attention and mutual gaze as a proportion of total trial time and ran the above model, we found
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an identical pattern of results to those reported above. This further confirms that mutual gaze

and joint attention are impacting dyad time to trial success.

We can also measure sustained joint attention (instances of repeated synchronized joint
attention lasting > 500 ms). Sustained joint attention towards objects in the room (M = 885.03
ms, SD = 0.43) was observed in 12/13 pairs and in 23/78 individual test trials. When sustained

joint attention occurred, it took up an average of 13% of the total fixation time for that trial.

We have now demonstrated that joint attention and mutual gaze are having a significant
impact on task success. Further, we observed joint attention in both dog and human led trials,
being initiated by both members of the dyad. What if this visual coordination, or these instances
of joint attention, are occurring by chance? In keeping with past work (Yu & Smith, 2013), we
examined the lag times from our sample. We anticipated that dogs and humans were visually
coordinating with each other, so we expected that the distribution of lag times from our sample

would be significantly different from a random baseline.

To test this, we temporally re-ordered fixations separately for each member of the dog-human
dyad so that the order of the fixations was random. We then compared if the randomly shuffled
cross-lag was significantly different from the original temporally accurate data using a mixed
effects model. To maintain comparability to past work (Yu & Smith, 2013), we binned the
lag times from both the real and randomly shuffled data into 61 bins?>. We then ran a mixed
effects linear regression predicting the density of the bins as a function of the data type (real
vs. randomly shuffled), the identity of the bin (1-61 with 1 indicating maximum lead time by
the human and 61 indicating maximum lead time by the dog), and an interaction between the
two. If there was no “true” visual coordination and our identified instances of joint attention
were happening randomly, then we would not expect to see a statistically significant difference
between the real and randomly shuffled data. Alternatively, if dyads were in engaging in joint

attention and coordinating their gaze in real time, we would expect to see significantly higher

261 bins was chosen because it was used in prior work. Changing the number of bins (tested ranging from 5 to
125 bins) does not significantly change the pattern of results
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levels of joint attention (measured as bin density) in our real data than in the randomly shuffled

data.

As seen in Figure 5.4, there were many more instances of joint attention in our real data than
in the randomly shuffled data. We found that the density of the bins in our real condition was
significantly higher than those in the randomly shuffled version, F(1,1452) = 1156.96, p < .001.
This provides strong evidence that dogs and humans were coordinating their visual attention
while completing our task. The instances of joint attention observed in our sample are not

occurring randomly, confirming our observation of joint attention in a non-human animal.

Similar to past work, we saw a sharp peak near the center, indicating that lag times tended
to be quite small or that gaze following into joint attention was relatively quick (Figure 5.4).
Unlike in past work our peak was slightly offset (Yu & Smith, 2013). From the same model,
we also found a significant effect of the lag bin, F(60,1452) = 31.028, p < .001. The highest
density averaged across our data was for bin 32. This suggests that the distribution of our lag

times was skewed towards dogs leading, but that both species did initiate or lead joint attention.

In addition to occurring far more frequently, our real observations of joint attention had
different lag time frequencies than the randomly shuffled data. From the same model we
also saw an interaction between lag bin and condition, suggesting that the distribution of the
cross-recurrence lag differed between the real and shuffled, F (60, 1452) = 15.62,p < .001. See
Figure 5.4 for an unbinned view of the distribution of lag times. This provides further confidence
that the instances of joint attention we see in our real data are not only happening more often
than random chance, but they are also happening with a different structure than random chance.
We saw negligible variance explained by participant from the random effect in our model (/CC

=.029).

We also examined differences in recurrence from a shuffled or randomized baseline using a
cross-recurrence quantification analysis (CRQA) (Coco & Dale, 2014; Wallot & Leonardi, 2018).

This allows us to go beyond a frequency or density approach, and examine broader connections
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Figure 5.4: Lag time frequencies for instances of joint attention for real data and for randomly
shuffled data. If shuffled and real data were the same, the two areas would be of equal size. If
dyads were leading equally data would be symmetrical around the black hashed line.

across fixations. We calculated the percent determinism (%DET ), or how many of the instances
of joint fixation targets occurred in connected trajectories. As with our binned analysis, we
created a random baseline by shuffling the order of our fixations within our participants, and
then compared %DET across the real and shuffled calculations. We ran a mixed-effects linear
regression comparing the average outcome per participant as a function of data type (real or
randomly shuffled) and a random intercept per dyad. We found a significant difference in %DET
between the real and randomly shuffled conditions, F(1,12) =961.47, p < .001. This provided
further confidence that dyads were coordinating their visual attention while solving our task.
Finally, from our same model, we saw little variance explained by dyad from our random effect

(ICC =0.109).

Dyads displayed instances of joint attention and mutual gaze. To better understand this
pattern qualitatively, we reviewed if visual leading by dog or human predominates, or whether
they’re symmetrical like in parent-child interactions (Yu & Smith, 2013). We examined this
both by the occurrences (counting the instances of dog or owner led joint attention bouts) and

by the onset time (measuring how long the leader was looking to the item before the follower).
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We found that dogs generally led instances of joint attention. Of the instances of joint attention
in our sample, dogs led the looks 399/559 (71.37%) of instances. Lag times in seconds were
generally larger when dogs led joint attention (M = 0.65, SD = 0.79), than when owners led
(M =0.21, SD = 0.28). Dogs also tended to lead instances of mutual gaze, leading on 229/382
(59.95 %) of instances. Unlike bouts of joint attention, dyads tended to lead by equal amounts
of time when engaging in mutual gaze. Dogs (M = 0.81, SD = 1.09) and owners (M = 0.87, SD
= 1.85) both had larger lag times for instances of mutual gaze than they did for joint attention.
Across our test trials, we generally did not see symmetrical lag times. This is an important
difference from typical parent-child interactions. It suggests that although joint-attention may
serve a similar role in search tasks in both species, the initiation of these behaviors is different in

our cross—species context.

On half of the trials, dogs had the information about the location of the treat, and on half of the
trials their owners had the information. We predicted that the individual who knew the location
of the hidden item would generally lead the gaze. We conducted a mixed-effects linear regression
predicting lag time as a function of the trial accessibility type (or whether the dog or human had
knowledge about the location of the hidden item). We found that when guardians had knowledge
about the location of the hidden treat, we saw much larger positive lag times (M = 0.903, SD =
1.19) than when dogs knew the location (M = 0.163, SD = 1.32). From our regression we saw a
significant main effect of trial accessibility type F(1,771.13) = 17.04, p < .001. This suggests
that even when the dog owner knew the location of the treat, they still tended to follow their
dogs’ visual lead. This finding is interesting but we cannot draw definitive conclusions here.
It is possible that owners are ’following” their dogs’ visual lead during these trials to check if
their dog is paying attention to the verbal or gestural cue they are providing. It is also possible
that the task is more enjoyable or interesting for the owner if they allow their dog to explore
the area ahead of providing instructions. Alternatively, owners may not believe their dog will
follow their visual attention so they take on the role of visual follower even when they have the

information. Ongoing work, mentioned in the discussion, can help to parse apart these potential
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interpretations. We also saw little variance explained by dyad from the random effect in our

model (/CC =0.21).

We predicted that during our control trials (when the task can be fully solved independently),
dyads would engage in fewer instances of mutual gaze and joint attention than when the task
must be solved collaboratively. This prediction was well supported by our data. We saw one
instance of mutual gaze across all 26 of our control trials. Only 3 of our dyads engaged in
joint attention during our control trials. From these three dyads, we saw 10 total instances of
joint attention on our control trials. This rate is much lower than what we saw during our test
trials. This suggests that dyads collaborate adaptively. Joint attention and mutual gaze facilitate
cooperation and collaboration, but they are not without effort. When dogs are capable of solving
tasks independently, they are less likely to try to engage their owners in these collaborative
visual behaviors. Similarly, when dog owners know their dog can solve the task independently

they do not try to initiate collaborative visual behaviors.

As an exploratory measure, we also examined our data for two other visual behaviors,
referential gaze and gaze alternation. We defined referential gaze as looks to the partner within
2 seconds of a fixation to a potential search location. We defined gaze alternation as a three-
part series of fixations involving a look to the partner and a search location. Gaze alternation
could either follow a partner first approach (partner-item-partner) or a search-location first
approach (item-partner-item). All of these looks had to occur within 2 seconds. These two
visual referential communication behaviors have previously been observed in dogs and other
species through recordings of head movements and estimations of gazing behaviors (Gaunet &
Deputte, 2011; Merola et al., 2012; Smith & Litchfield, 2013). Therefore, we expected to see
both referential gaze and gaze alternation, but this was the first effort to demonstrate them using
a wearable eye-tracking approach. From our sample, we saw all 13 of our dyads and all 26 of
our participants engage in referential gaze during our test trials. We saw a total of 614 instances
of referential gaze. The majority of our instances of referential gaze (417/614 or 67.91%) were

done by dog owners.
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Similarly, each of our dyads and all but one participant engaged in gaze alternation. Gaze
alternation was also predominantly led by owners (161/224 or 71.88%). Most of our instances
of gaze alternation (141/224) were partner-first, meaning that the participant first looked to their

partner, then looked to a search location, then looked back to their partner.

In keeping with our pre-registration, we have used operationalizations of joint attention from
prior work using a dual eye-tracking method with parents and children. However, there are
multiple operationalizations of joint attention in the literature with some increasing in complexity
and emphasizing specific visual sequences. Joint attention can also be operationalized as a
sequence combining looks to an item in the environment and looks to the partner. For example,
joint attentional episodes can be operationalized as a look at the social partner, accompanied
by a look at the item of interest in 3 seconds prior to or after the look at the partner (Carpenter
et al., 1995). Episodes ended when the individual had not looked at the item or partner for over
3 seconds. Under this approach, we saw joint attentional episodes in 13/13 of our dyads and

77/78 individual trials.

Joint attention could also be operationalized with a stricter sequence-based (vs. time-based)
approach (Malle, 2008). Specifically, the leader first looks at an item. Next, the leader looks at
their partner to see if their partner has followed their gaze to the target. If the partner is looking
at the item, the leader returns their gaze to the target, and this is considered joint attention. If the
partner is looking at something else, the leader will repeat the process. In our sample, we saw

instances of these joint attention sequences in 13/13 of our dyads and on 32/78 individual trials.

5.5 Discussion

In this chapter, we examined how people work together with their dogs to find hidden items
in a complex environment. Dog owners in our sample were highly bonded to their dogs and
viewed their dogs as intelligent. We found that dyads are generally successful, recruiting their

partner to retrieve the hidden treat. However, people were more successful at recruiting their
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dogs (succeeding every time) than when dogs had to recruit their people (succeeding 31/39

times).

We found that all dyads engaged in joint attention, something that should have been uniquely
human (Tomasello et al., 2005). Further, we found that joint attention and mutual gaze levels
play a role in dyad success, with increased levels of each generally predicting a shorter time to
success. Mutual gaze and joint attention levels interact, suggesting that too much collaborative or
shared looking results in worsened performance. Dyads also engaged in sustained joint attention.
Outside of eye-tracking contexts, joint attention has been operationalized through behavioral
gaze coding and through questionnaires. A major challenge of these is the requirement that
bids for joint attention be “intentional” (Bradley et al., 2023). Under the shared intentionality
hypothesis, dogs do not form joint intentions with human beings. As such, it is impossible
for their bids for joint attention to be categorized as intentional. The requirement of these
approaches for the coder to make a subjective judgment about the motivations and intentions of
the participants make testing joint attention in other species nearly unfalsifiable. If we allow
that dogs can have intentions and potentially share these with others, we do not have to say that
they are doing it in the same way as human beings. We can, though, then test out using further
operationalizations of joint attention with our existing sample to see how many of them would

also be demonstrated in our dyads.

Dyads coordinated their visual attention to targets, but unlike prior work with human-human
pairs (Yu & Smith, 2013) we did not see symmetrical leading. Specifically, we saw that dogs
were typically leading, or initiating, instances of joint attention. This may be because dog
owners were more likely to follow the gaze of their dogs because of their dogs’ relatively limited
communicative repertoire. Relative to human children, dogs have fewer communicative avenues
to coordinate with their partners. Dogs cannot use gestures like pointing, nor can they use
language. Body orientation and gaze are the primary ways dogs can communicate their attention.
Dog owners know this about their dogs, and because of it may be particularly attentive to follow

their dog’s gaze. This further indicates that the cognitive processes underpinning joint attention
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are likely different in human-dog dyads (as compared to human-human dyads). Regardless
though, the specific visual behavioral correlate has now been seen in this species. Further
information about the cognitive processes underlying our observed joint attention behaviors can

be gained from looking at other visual and auditory behaviors from our sample.

In contrast to joint attention, instances of gaze alternation and referential gaze were dominated
by dog owners. This may be indicative of attention checking or confirmatory looks. Although
both species engaged in these visual behaviors, they were much more common for the human
member of the dyad. This could suggest that much of the “higher-level” cognitive processes
are being driven by the human, and that the joint attention we are seeing, using published

operationalizations, is more indicative of gaze following than true cognitive joint attention.

Joint attention may be a spectrum of cognitive abilities rather than a binary one. Dogs’ and
children’s cognition in this regard may not diverge until later in development. Further research is
needed to better identify precise timelines, but it is possible that children and dogs are relatively
similar in their joint attentional abilities at 12 months, but by 15 months, children have continued
to develop, and dogs have not. Alternatively, dogs may have an entirely different cognitive
mechanisms that is facilitating visual joint attention and collaboration. If true, dogs might follow
a different developmental trajectory for the observed joint attention presented here than the three

levels or stages predicted by the shared intentionality hypothesis (Tomasello et al., 2005).

5.5.1 Future Directions

The results presented here provide compelling evidence that joint attention, as we have
classically operationalized it, is not unique to our species. It serves a similar function in
collaboration, facilitating task success. This finding opens up many avenues of future research,

including ongoing work that is beyond the scope of this dissertation.

Future work might consider further examining the behaviors displayed by dogs and humans
during the task. From pilot data, there may be evidence of primacy/recency effects particularly

in dogs’ search behaviors. More specifically, dogs often first searched the last location they were
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rewarded at, even in instances where they observed the hiding of the treat. Additionally, we
can further explore the timing of physical searching behaviors as they relate to our key visual
behaviors. When joint attention or mutual gaze occurs relative to the overall trial time could

have different practical effects.

As part of our dual eye-tracking, we recorded audio from our participants. Unlike what
we observed in our pilot, our test sample contained no vocalizations from dogs. In contrast,
we heard extensive vocalizations from dog owners directed to their dogs. Future work can
consider coding both the timings and content of the speech and vocalizations produced by
owners. Future work might explore if vocalizations are synchronized and/or related to the visual
behaviors. For example, owners may tend to vocalize the dog’s name prior to mutual gaze bouts.
Incorporation of vocalizations have historically been used in some measures of joint attention
in human children. An intentional bid for joint attention could begin with a vocalization, and
the checking behaviors required by certain operationalizations can also be accomplished with
vocalizations (Gabouer & Bortfeld, 2021). Exploring this multi-modal communication can

provide additional insight into the collaborative process in dyads.

We also recorded our participants using depth tracking cameras. In ongoing work, we are
examining the body positioning and orientation of our participants throughout test trials. This
can potentially be used to estimate the field of view of the participants, and be synced with
auditory codings. Owners may, for instance, be more likely to vocalize when they are oriented
towards their dog, but their dog is oriented away from them. In this ongoing work we are also
examining how the proximity of the participants changes across trials. We can integrate this
with the eye-tracking data to examine where joint attention behaviors/mutual gaze occur relative
to space in the room and relative to space between each other. Finally, we are using skeleton
tracking of our human participants from our depth data to examine how and where pointing
gestures may be used, and will relate these findings to our eye-tracking data and proximity data.
Dogs are physically unable to produce many prototypical human gestures, but they are able to

move their bodies in complex ways. Their body language can also be read by human beings,
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indicating arousal states, attentional directions, and overall wellness. Though dogs cannot point
like children can, they may be using particular body movements or orientations prior to instances
of joint attention. Careful analysis of body movement and orientation can reveal more about
joint attention in this cross-species context and this can provide further comparison to joint

attention in children.
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CHAPTER 6

Conclusion

6.1 Summary of Findings

In this thesis, I have discussed a collection of work examining how humans and dogs visually

interact with each other.

Chapter 2 established a baseline understanding of how dogs look at the world around them
on an ecologically valid task, specifically a dog walk. This study used wearable eye-tracking in a
novel outdoor context. We integrated computer vision techniques to capture the item categories
available for dogs to look at, as well as how they looked at the items. Chapter 2 showed how
dogs preferentially direct their visual attention to specific item categories such as people and
construction equipment. We found that dogs direct their visual attention to traversable ground in
front of them at similar rates to other species. Unexpectedly, dogs were highly visually engaged
in plant material like trees and bushes in their environment. On screen-based eye-tracking tasks
these item categories are frequently used as background, and it is interesting that in the real
world they appear to be visually interesting in their own right. These findings may be influenced
by the potential integration of visual and olfactory information in dogs’ minds (Andrews et al.,

2022).
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We integrated visual saliency analyses to show that dogs’ visual behaviors are poorly ex-
plained by a strictly bottom-up low-level visual saliency model. This Chapter provided a baseline
understanding of how dogs look at their world in a context where they are accompanied by a

human, but not necessarily directed by them.

In Chapter 3, we examined how toddlers, dogs, and adults understood pointing gestures
produced by an experimenter on a 4-alternative object search task. This chapter expanded our
understanding of point-following beyond the common 2-alternative tasks used in prior work.
We integrated depth tracking cameras to examine how both species approached the problem,
supplementing our typical choice data. Dogs followed points at levels significantly different
from chance but far below ceiling. Dogs’ choices were biased towards the inner locations,
choosing the locations closer to the pointer more often than the locations on either far side.
Toddlers were better at following the point than dogs, outperforming them at finding the hidden
item. Toddlers also chose between the four potential locations at approximately equal rates.
However, toddlers made numerous errors. When examining choice behavior by side of the
experimenter rather than specific item (which adjusted for dogs’ bias for the inner cups), the
difference between the two species choices disappeared. Together this suggests that toddlers do

not have similar biases on this task as dogs.

In addition to the differences in choices between dogs and toddlers, we also observed species
differences in path approach dynamics. In keeping with their preference for the inner locations,
dogs followed more closely to the optimal path when first selecting one of the two cups closest
to the experimenter. In contrast, toddlers followed more closely to the optimal path when first
selecting one of the outer locations, specifically the outer location on the experimenter’s left

side. Future work might explore why this pattern was observed.

Study 2 of Chapter 3 demonstrated that adults were nearly perfect at following the point in
an adapted online version of the task. This provides confirmation that the task itself is solvable,
and provides a developmental end-point for comparison for our toddlers. Chapter 3 suggests

that both toddlers and dogs are capable of following points produced by a relatively unknown
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experimenter, but this is not a trivial task. At least for the toddlers, there is still significant

development that happens to achieve adult performance levels.

Turning to the human components of the previous task, Chapter 4 continued to examine
how people and their dogs interact in a more naturalistic way. Chapter 4 aimed to balance the
naturalistic properties of Chapter 2 with the ability to gather controlled data seen in Chapter
3. On a 4-alternative object search task, we captured how dog guardians naturally pointed for
their dogs. Using insights from robotics and computer science, this study examined potential
candidate vectors for quantifying and representing pointing gestures produced by people. We
found that the vector from the eye to the wrist of the freely moving dog owners was the most
successful vector, as measured by three different accuracy metrics. Put another way, the gestures
people naturally produce for their dogs integrate gaze and arm movement to direct their dogs to
targets. Our results suggest that gaze and “pointing” at least for distant targets are potentially
used as a single integrated cue rather than as two distinct additive ones. This may help to explain
why prior point following tasks with dogs where gaze cues conflict or are interrupted have found

such poor results (ManyDogs et al., 2023).

The findings of Chapter 4 suggest that dog owners may view pointing for their dogs as a bid
or an initiation for joint attention. Specifically, owners were orienting their visual attention and

gaze in line with their hand gesture to frame the referent of their point.

Quantitatively, we saw differences in our candidate vector measures of Euclidean distance
and weighted accuracy between owners (Chapter 4) and experimenters (Chapter 3). Further,
of our candidate vectors produced by experimenters, the Shoulder-Wrist vector was our best
performing as measured by two of our accuracy measures. Our Elbow-Wrist was our best
performer by our third accuracy measure. This is a completely different pattern than observed in
naturalistic pointing produced by dog owners, where the Eye-Wrist vector was consistently the

best.

Although differences in pointing gestures were observed, in our context they did not appear
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to hugely bias choice performance. Dogs chose similarly in Chapter 3 and Chapter 4. As with
points produced by experimenters, dogs can follow points produced by their owners to find a
hidden treat at levels significantly above chance, they struggle with the task and are far from
ceiling. This is likely because of their demonstrated preference for the inner cups, meaning those
closer to their owner. This is the same pattern observed for dogs following the point from an
experimenter outlined in Chapter 3, and dogs choice patterns are remarkably similar across the
two studies. Dogs first choices were correct 39.7% of the time when following an experimenter
(Chapter 3) and 41% of the time when following their owner (Chapter 4). Interestingly, across
Chapters 3 and 4 we found that dogs take closer to optimal paths towards their first choices
when following points produced by their owners than when following points produced by the
experimenters. We also saw more optimal paths when selecting the inner locations, in this case
the cups by the owner, than the outer ones in both Chapters. Further, we saw less variance in

path deviation when following a point produced by an owner.

In Chapter 5, we aimed to maximize (within a lab setting) ecological validity, expanding on
the dynamics explored in Chapter 4. People and their dogs worked together to locate hidden
treats in a relatively unconstrained object-search task in a highly complex environment. We
alternated which member of the pair had knowledge about the treats location. We used a dual
eye-tracking approach similar to that previously used with human children and their parents to
examine how people and their dogs visually coordinated their attention during the task. Chapter
5 explicitly tested theories of human-unique visual interactions, finding instances of both joint

attention and mutual gaze occurring during search behaviors.

We found that dogs and people visually coordinated their attention to a greater degree than
would be expected from a generated random baseline. Further, we saw instances of joint attention
and mutual gaze across all of our dyads. Dyads were generally successful at our search task,
locating the treat within the trial time limit successfully the majority of the time. Key visual
behaviors, specifically joint attention, mutual gaze, and the interaction of the two predicted

success on our search task. Joint attention in dyads, serving to promote task success, is a

150



direct challenge of the shared intentionality hypothesis. We also found instances of other gaze
behaviors previously observed from behavioral coding. Gaze alternation and referential gazing

occurred in all of our dyads.

Chapter 5 also highlighted that joint attention in dyads looks qualitatively different than in
parent-child interactions (Yu & Smith, 2013). We examined the lag time between when the
initiator of the joint attention began looking to the object and when their partner began to look
to the object, thus starting joint attention. Our distribution of lag times was not symmetrical, and

joint attention bouts were generally initiated by dogs.

6.2 Limitations

Newer technologies like head-mounted eye-tracking from Chapters 2 and 5 allow researchers
to quantify visual attention and gain a rich data set during relatively natural events. However, a
challenge of this particular technology is the generalizability of the findings. More specifically,
the kinds of dyads willing to train to wear goggles are not necessarily representative of the
general pet owner population. Training dogs to wear the goggles typically takes around a month
(Pelgrim et al., 2022), and the goggles themselves are size and shape limited. It is possible that
brachycephalic dogs (flat-faced dogs without extended snouts who cannot wear goggles) may
see the world differently. This will remain an open question until hardware is updated to be

compatible with such skull morphologies.

Individual differences between dogs and human-dog dyads likely also play a large role in their
visual interaction patterns. A consistent challenge for eye-tracking studies like those mentioned
here is gathering sufficient sample sizes. Although our studies are adequately powered for the
specific claims we make, this comes with the continued limitation that training backgrounds and
prior experiences undoubtedly shape the way dogs look at the world, something not explored
here. For example, an owner of a pet dog who knows many tricks, and the owner of a dog

working in search and rescue may both be willing to participate in goggle training. Further,
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both dogs may be tolerant of goggles and sufficiently food motivated to participate in studies.
However, these two dyads are likely different in their interactions with their environments and
with each other. Whether resulting from prior reward history, dog temperament, or a combination
of the two, individual differences certainly exist between the way people and dogs approach the

world.

People who are willing to participate in studies with their dogs are generally highly bonded
to their dogs and feel emotionally close to them. Although owners in our sample are consistent
with general dog owners in feeling their dogs are above average in intelligence, we must be
careful not to draw sweeping conclusions about the general public from these findings. Dog
owners participating in, for example, Chapter 5, had to be highly motivated and committed to
their participation and to the research. Participants had to train their dogs to wear goggles, and

then participated themselves in multiple surveys, and finally completed our task itself.

We have presented findings showing a species capability. The specific visual patterns and the
role of joint attention and mutual gaze promoting task success may not be true in every possible
human-dog interaction context. Not every dog may be as successful at working with a person in
our task. In other collaborative tasks, dogs generally work well with people, but future work
should explore if the visual behaviors we have seen (and the role they appear to play) extend
to human-dog interaction more generally, independent of the relationship between that dyad

(Range et al., 2019).

There is a large interest in potential breed or breed group differences between dogs. Most of
the dogs in these studies are of mixed breed origin, so no claims can be made about differences in
breed or breed group. This limitation is not unique to this thesis. Even large scale studies using
big team science approaches have a difficult time exploring cognitive and behavioral differences
between breed groups (ManyDogs et al., 2023). Future researchers seeking to better understand
the differences between dog breeds or breed groups will need to seek out these populations and

will likely be limited to make comparisons between a small number of breeds.
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6.3 Implications and Future Directions

Toddlers’ performance on our task in Chapter 3 suggests that point following at 17-24
months may not facilitated by as rich of a mechanism as predicted by prior theories. Pointing
is often held as a rich and highly social communicative gesture that facilitates joint attention
and other complex cognitive collaborative processes (Tomasello et al., 2007). From prior work,
toddlers can be expected to readily engage in joint attention well before 17 months of age
(Carpenter et al., 1995; Tomasello et al., 2005). Under a rich interpretation of point following,
we should expect toddlers to perform near ceiling. The data presented here do not undermine
prior evidence demonstrating joint attention in toddlers, rather they suggest that toddlers may

default to approaching pointing gestures with a different cognitive mechanism.

Prior to joint attention, 4-month-old infants are capable of following object oriented points,
meaning they preferentially look at an indicated referent (Bertenthal et al., 2014). It is possible
that when the stakes are relatively low, like in this exhaustive search task, toddlers rely on the
same lower-level mechanism they used earlier in life. Again, this does not suggest that the
developed capacity for joint attention is somehow absent in this age group. Rather, potentially
due to the cognitive effort required, they choose to use simpler and “lower-level” cues such as
learned associations. Alternatively, toddlers may be engaging in joint attention and understand
the task as directing shared intentionality, but they may have difficulty with inhibitory control

that prevents them from making correct choices and taking optimal paths.

Future work can further investigate these potential explanations for toddlers challenges with
this success in a few ways. First, future work could consider eliminating the exhaustive search
approach. Toddlers were highly motivated to locate the hidden item, but they may have also
found the searching activity rewarding. Eliminating the options for repeated searches could
result in higher exclusion rates, as toddlers may become de-motivated in the event of repeated
failures. However, by removing repeated search options the only rewarding item or goal is the
item itself. This could help to resolve potential ambiguity about the goal of the task that may

have also resulted in toddlers defaulting to lower-level point following cues. If toddlers interpret
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pointing as a rich cue, we could expect that they would search and approach optimally following

the joint intentionality initiated by the experimenter.

Potential difficulties with inhibitory control could also be explored by testing toddlers on an
existing measure of inhibitory control (Carlson et al., 2004; Holmboe et al., 2018; Kochanska
et al., 2000). If toddlers have a rich interpretation of pointing gestures and are having difficulty
due to inhibitory control, we should see a strong correlation between better performance on the
inhibitory control measures and choice success. In contrast, if there is no relationship between
other validated measures of inhibitory control and task success it would further support the

alternative that toddlers default to a lean interpretation of pointing gestures.

The difference in choice and approach data we saw in toddlers and dogs suggests that the
two species approach the problem differently, weighing their decisions on the basis of different
factors. There also may be a different cognitive mechanism underlying the point following
behavior seen in both groups. Dogs are undoubtedly biased by the proximity of the experimenter,
but barring that bias both species appear to make errors at similar rates. Both dogs and toddlers
may be approaching this task with a relatively low-level interpretation of the meaning of the

experimenters’ pointing gesture.

In ongoing work using eye-tracking we are exploring what both species are looking at when
solving this problem. This can help us to better understand how the various gestures produced

by pointers are processed and weighed by the viewer over the course of a trial.

People and dogs work together in a variety of capacities. We frequently interact with dogs,
and, as visual creatures, we come primed to interact with others through visual means (Ellsworth
& Ludwig, 1972; Kaas & Balaram, 2014). In keeping with prior work (Bensky et al., 2013),
although dogs’ primary sensory modality may not be vision, Chapter 2 demonstrates that dogs do
actively engage with their world visually. Their visual attention is directed selectively and cannot
be explained by low-level saliency models. Intuitively, this makes sense in light of prior findings

of point comprehension. Following points, as demonstrated in prior work and in Chapter 3 and 4,
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would not be possible without dogs visually assessing their social partners’ cues. When engaged
in a shared or combined task, dogs and humans visually coordinate their attention. Demonstrated
in Chapter 5, dogs both lead and follow the visual attention of their human partners. Humans
and dogs actively engage with each other in a visual manner, coordinating their looking behavior

to accomplish shared goals.

Future work must continue to expand on how people and their dogs interact and should
continue to make advances in increasing ecological validity. Research should aim to explore
a larger variety of dogs, capturing dogs writ large not just those who are trainable with highly
motivated owners. Notably, experimenters in Chapter 3 appear to point differently than dog
owners (Chapter 4). The subtle differences we observed in dog performance, in combination
with the large differences observed in pointer performance, suggest a need for future, careful,
consideration when attempting to draw conclusions about how dogs behave in the real-world

from tightly controlled experimental settings.

Researchers in the future should further consider expanding the experiments and findings
presented here into new populations, particularly dogs in working roles. This dissertation tested
pet dogs of a variety of training backgrounds. Future work should consider testing dogs in
working roles or those in training. Current training programs for dogs in working and service
roles are expensive and have high failure rates. Identifying what makes dogs or makes teams
successful at the task at hand can improve earlier selection and training procedures more broadly.
For example, future work might consider using the dual eye-tracking paradigm from Chapter 5
to explore how search and rescue dogs work with their handlers. Identifying key aspects of team
dynamics that promote task success could be used to improve handler and dog training, making

teams more efficient at their life-saving work.

There is also a large interest in better understanding human-dog interactions for promoting
successful human-robot interactions (Byrne et al., 2020; Krueger et al., 2021; Szabd et al.,
2010). In ongoing work, we are examining how the data collected on human-dog interactions

can be used to improve robot search algorithms. Training robots for human interactions, with
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dogs in mind, shows particular promise, in part because people are generally successful at
interacting with dogs. In part because of dogs’ ubiquity in our environment, many robots are
built to be dog-like in appearance (Faragé et al., 2014; Kerepesi et al., 2006). In efforts to
extend the findings presented here, future research could consider further exploring how dogs
and relative strangers work together. Designers of robots aim for their products or algorithms to
be intuitive and usable by the public. In our relatively controlled tasks (like in Chapter 3 and 4),
we have demonstrated that dogs can follow points from a relative stranger as well as their owner.
However, we also observed subtle behavioral differences in the way that dogs approached the

task.

Unlike in pointing tasks, it remains unknown how dogs would approach the complex collab-
orative search task presented in Chapter 5 with someone other than their owner. It is possible
that dogs would be equally successful with a stranger, and that they would display consistent
visual behaviors. Alternatively, it is possible that dogs and their owners (or at least a person the
dog is familiar with) have familiar gestures or communication styles that allow them to be more
successful on the task. Existing dyads may be capitalizing on behavioral shorthands, facilitating
success on tasks with reduced effort compared to a novel pair. As an anecdote, in Chapter 5, one
dog owner noted that she made an error during the first collaborative trial by saying “find it”,
which she generally uses to mean search and find multiple items. Behaviorally, this was reflected
in the dog continuing to search after the trial had ended. During subsequent trials, the owner used
the terms “show me” or “go get it”, and we did not observe continued post-trial searching. This
anecdote highlights that dogs and their owners regularly engage in multi-modal (audio-visual)
communication. It also highlights how dogs’ prior experiences with their owners can facilitate
collaborative searching. Future research can consider analyzing this further, exploring how dogs
integrate auditory cues with visual ones. Additionally, future work can explore whether the
behavioral shorthands typically used by dogs and their owners are multi-modal (including words

and gestures) or unimodal (such as a hand sign or single vocalization).

Multi-modal perception also occurs using senses we are less reliant on, like smell. Dogs
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are often thought of as olfactory creatures. We know from numerous studies that dogs have an
exceptional sense of smell. They are able to detect and differentiate between small concentrations
of odors and can use these odors to generalize and create categories or concepts (Hall et al.,
2016; Lazarowski et al., 2019). When interacting independently with the world or when trained
to do so, dogs may prioritize smell cues. However, when working with a human partner, they
rely on their vision (Bensky et al., 2013). This is even true to their own detriment. Dogs follow
human social-communicative cues perceived visually, and consistently fail to use olfactory cues
to avoid misleading human information (Szetei et al., 2003). Existing literature has focused on
olfaction in working dog populations or from a neural perspective (Andrews et al., 2022; Guran
et al., 2024; Lazarowski et al., 2020). The collection of studies presented here have focused
on dog visual attention, but future research can explore how olfaction may also play a role in

human-dog interactions.

The findings of this thesis challenge established theories about human-unique cognitive
abilities, specifically the shared intentionality hypothesis. The shared intentionality hypothesis
argues that human social learning and interaction is facilitated by a specific mechanism - an
ability to form goals and intentions, and share them with others (Tomasello et al., 2005). Further,
it claims that the observable behavioral signature of this shared intentionality is in joint visual

attention towards a shared item.

The focal comparison species used to identify differences between humans and non-human
animals was chimpanzees (Gardner, 2005; Tomasello et al., 2005). Testing for rich social abilities
in chimpanzees may have resulted in overestimations of human unique traits. Chimpanzees
are not the most cooperatively social of the great apes, tending to perform best in competitive
contexts (Briuer et al., 2007; Hare et al., 2001). In contrast, focusing on highly cooperative
species has shown that we are not the only ones to engage in the key observable behaviors of
triadic engagement. Bonobos (another great ape species that is highly cooperative and social)
readily re-engage social partners when an activity was interrupted (Heesen et al., 2020). Bonobos

also cooperate with conspecifics outside of their social group or community (Samuni & Surbeck,
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2023).

Even among our own species, the shared intentionality hypothesis has remained controversial.
The developmental timeline requires a lean interpretation of infant looking time work on goals
and intentions. If looking time tasks are taken at face value, they suggest that infants understand
goal sharing earlier than the the 9-12 month timeline expected with the emergence of triadic
engagement (Vaish & Woodward, 2005). Further, recent neural evidence suggests infants may
understand and recognize collaborative engagement in others by 9 months of age, earlier than

the expected 12-15 month window (Begus et al., 2020).

Supporters of the shared intentionality hypothesis have failed to seriously address field
and observational data on their chosen comparison species (Boesch, 2005). Chimpanzees,
like many other species, hunt collaboratively in groups. The focus on operationalizing joint
intentions and shared goals as specific observable visual behaviors may have also contributed to
an underestimation of the abilities of other species. There may also have been an overestimation

of the extent of joint attention in young children, or at least the functional benefits.

The shared intentionality hypothesis would suggest that well before 17 months (the age of
our youngest human participants in Chapter 3) toddlers should have a rich and highly social
understand pointing gestures and be highly successful at following them. The pointing gesture,
in view of this theory, is used in conjunction with other visual cues to work together with
joint intentions to engage in a collaborative task. This theory was weakened by the challenges
observed by the toddlers in Chapter 3. As discussed earlier, these findings do not undo prior
evidence that toddlers are capable of creating joint intentions and shared goals with social
partners. They suggest that it may not be the default way they approach tasks like point

following.

Toddlers in our sample were given full ostensive cues (name calling, initial eye-contact by
the experimenter) and the pointing gesture was present for the entire search process (reducing

working memory load as the social information was always available). Toddlers may be falling
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back on a lower-level cognitive mechanism to interpret point following. They may also choose to
selectively engage in collaborative engagement with the pointer, perhaps because it is challenging
or requires more inhibitory control. This could explain how they are sometimes successful and
why their errors are relatively random. Future work is needed to better understand why children
are challenged by a 4-alternative task, and the level at which they naturally use collaborative
engagement with social partners on day to day tasks. Ongoing work using head-mounted
eye-tracking will reveal more information about how the pointing gestures are being processed
by the two species. However, at present toddlers relatively poor performance compared to adults
and the ability for dogs to respond to the points in this context pose significant challenges for

the shared intentionality hypothesis.

Findings from Chapter 3 and 4 suggest that dogs are capable of following pointing gestures
at above chance levels to distant referents, something that should be only discernible through
triadic engagement (Lyn & Christopher, 2020). Consistent patterns of visual re-engagement
from adult dogs (Byrne et al., 2023; Horschler et al., 2022) and from bonobos (Heesen et al.,
2020) further support the idea that the operationalizations of triadic engagement are not unique

to our species.

Dogs’ ability to cooperate with human partners in a flexible and selective way, as well as
their ability to engage in joint attention, as seen in Chapter 5, should be unique to human
beings. Under the shared intentionality hypothesis, joint attention involves coordinating their
visual focus towards the same real-world entity and is taken to be representative of shared goals
resulting in their joint intentions to execute an action plan (Tomasello et al., 2005). Observing
this specific visual behavior in our dog-human pairs has demonstrated that this visual pattern of

behavior is not unique to our species.

It is perhaps unnecessary to state explicitly, but human beings are able to collaborate with
each other in unique ways. No other species can work together to build and create the way we
can, but the findings of this thesis suggest that we have set the bar too low when seeking the

cognitive abilities that make us unique. Given that another species has now been demonstrated to
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engage in joint attention as it has been previously operationalized in children, we must consider

where to go next.

Shared intentionality may truly be necessary and sufficient to explain human unique cognition.
If so, we must reconsider the visual behavioral correlates used to identify the stages. Across
multiple operationalizations, joint attention is seen and initiated by a non-human animal. Perhaps
the full suite of cognitive abilities behind joint intentionality are unique to humans, but the
visual behavior we have previously accepted as joint attention is shared. It is also possible
that joint attention could exist on a spectrum. Maybe joint attention in our human-human
interactions is different from what we see in this cross-species context. There may be subtle
differences in the patterns of our joint attention that we could use to distinguish from those
seen in dogs. This would require careful operationalization of how we are defining gradients of
joint attention, avoiding subjective judgments and attributions of intentionality. Finally, shared
intentionality may just be one of a suite of abilities that can explain our unique cognition. This
thesis suggests that in defining what makes us unique we must re-operationalize or revise the

shared intentionality hypothesis.
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