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The mobile conjugate reinforcement (MCR) paradigm, made famous by Car-
olyn Rovee-Collier and her colleagues (Rovee & Rovee, 1969), has long been used to
study infant learning and memory. In MCR studies, the infant’s foot is tethered to
a mobile hanging overhead, and the mobile responds directly to the infant’s kicking.
Infant kicking rate triples within a few minutes of interacting with the mobile. This
result was classically interpreted as evidence of reinforcement learning. Kelso and
Fuchs (2016) reinterpreted it as evidence that a coordinative structure, or functional
synergy, forms between infant and mobile, triggering a positive feedback loop be-
tween the two. Positive feedback is proposed to give rise to an ‘Aha!l” moment as the
(prelinguistic) infant suddenly realizes it is an agent in control of the mobile’s mo-
tion. While some have theorized the realization of self as causal agent emerges from
organism-environment interactions, Kelso and Fuchs (2016) developed a mathemat-
ical model of the coordination dynamics between the infant and mobile, providing
mechanistic explanations for the formation of agency. The current study was the
first to measure movement of the mobile and analyze how dynamics of coordination

between infant and mobile relate to possible transitions from spontaneous to inten-
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tional action. Novel measures of infant and mobile dynamics were used to test model
predictions. Infant activity dropped drastically in response to non-contingent mobile
movement and remained suppressed at the start of infant~mobile contingency, sug-
gesting that mobile movement triggers a qualitatively different context for infants.
This finding challenges the widely held assumption that mobile movement rewards
and stimulates infant movement and calls into question the sufficiency of standard
contingency detection cut-offs and explanations of conjugate reinforcement learning.
Assessing coordination dynamics on a fine time scale using new analytical techniques
made it possible to identify moments of agentive realization. Approaching agency as
a relational phenomenon allowed for detailed characterization of the infant~mobile
relationship and its role in the emergence of causal agency. In addition, the results
revealed a number of surprising insights into agency formation such as the critical
role of inactivity for agentive discovery and the possibility of intermediary stages or

quasi-agentive states.
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CHAPTER 1
INTRODUCTION

You step into an elevator, running late for a meeting. You press the button to close
the doors once. No response. You press it twice, three times... The doors finally close.
Most of us have done this, but how strongly do we believe that any additional button
presses after the first sped up this interaction? Somewhere in our minds, most of us
know that elevator doors are designed to respond slowly, and that there is not much
we can do about it. However, the sense that our actions can change our environment
is so strong that we sometimes give ourselves too much credit, and for good reason.
As adults, the implicit awareness that we can make things happen underlies our basic
motivation to take action. We understand that our actions affect the world, that
is, we have a general sense of self-agency. In infancy, reciprocal interaction with the
environment is key to emotional and cognitive development. Development of healthy
attachment and social competency hinge on the young infant’s ability to use facial
and vocal cues to elicit care and attention from caregivers (Watson, 1972; Thomp-
son & Lamb, 1983). Moreover, even probabilistic environmental response to infant
behavior is related to increased infant attention and more rapid learning (Finklestein
& Ramey, 1977). We seemingly begin life unaware of our causative powers, sponta-
neously flailing and reflexively responding to raw sensation, but by the end of the
first year of life infants display clear goal-directedness (Lee, et al., 2008; Thelen, et
al., 1993). What mechanisms underlie the early developing sense that we can make

things happen?

The following chapter reviews the possible physiological bases of self-perception and
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how an early sense of agency' might emerge from these capabilities. The chapter
reassess popular paradigms and approaches to studying infants’ perceptions and re-
sponses to the sensory outcomes of their own actions, highlighting some of the lim-
itations and possibly erroneous assumptions of the predominant program of study.
An alternative approach, based in the science of Coordination Dynamics (CD), is
then presented. It is argued that the theoretical framework, tools and methodology
of CD can capture an infant’s transition from spontaneous, exploratory movement to

intentional action.

1.1 SELF IN PERCEPTION

Agency involves discerning when events are self-caused rather than externally driven.
One mechanistic account for how this might be physiologically achieved is rooted in
experiments of visual perception. Many animals, including humans, perceive a stable
visual field despite voluntary motion. For example, as you walk down the street, the
world around you seems stable even though the entire image on your retina shifts
with each microsaccade. You perceive that it is you, rather than the world, which
is moving. Hermann von Helmholtz (1867) suggested that animals must somehow
use information about their voluntary motion to influence their visual perception in
order to plan future motor actions appropriately. Sperry (1950) and von Holst and
Mittelstaedt (1950) independently proposed a similar neural mechanism underpinning
this phenomenon. They theorized that when a motor action is planned, not only is
a motor signal sent to the motor cortex, but an additional signal is sent to other
areas of the brain (such as the visual cortex) before movement occurs. According to
von Holst & Mittelstaedt (1950), the secondary signal was a copy of the motor plan,

termed an ‘efferent copy’. Sperry (1950), theorized that it was a representation of the

ITo clarify, the focus here with regards to agency is how infants first become goal-directed and
form the basic sense that one’s actions can produce meaningful change. This should not be confused
with judgements of agency which might be made after an action and event take place. (For a review
of these distinctions see Moore, 2016.)



predicted sensory consequences of the intended action, a ‘corollary discharge’. The
efferent copy or corollary discharge is used to adjust for expected perceptual changes
in retinal activation due to the motor command, thereby maintaining visual stability.
Although there are subtle differences between the two concepts (see Kelso, 1982, pp.
50-54) this theory was taken up by later cognitivists who proposed a secondary signal
could be used to identify self-generated motion (Wolpert & Flanagan, 2001; see also
Kelso, 1977; Kelso & Wallace, 1978). As no efferent signal would be produced in cases
of external or passive motion, animals could use presence or absence of this signal to
differentiate between self-caused and externally driven motion even if the two cases
produced identical patterns of retinal activation. Grown from this theoretical ground,
comparator models have motivated much of the research on agency.

Whereas infant agency research has largely been concerned with infants’ percep-
tion of others as agents (Sodian, 2011; Woodward, 2009) or with infant self-recognition
(Amsterdam, 1972; Bertenthal & Fischer, 1978; Rochat & Striano, 2002; Rochat,
2015), the predominant theoretical accounts of self-agency attempt to explain when
and why adults attribute specific outcomes to their own actions (i.e., judgements
of agency). Comparator models propose that agency arises from some mental com-
parison and matching between predicted and perceived states of the motor system
(Bruner, 1973) and of the external world (Wegner & Wheatley, 1999; Moore, et
al., 2009). However, comparator theories already assume there is a well-established
agent with goals and desires residing in the mind, capable of continuously monitoring
the state of the motor system, planning actions and predicting outcomes, ready to
perceive its own agency as long as a number of conditions are satisfied. Given devel-
opments in causal perception observed across infancy (Cohen & Amsel, 1998; Saxe &
Carey, 2006) and early childhood (Meltzoff, et al., 2012; Sobel & Kirkham, 2006), in
attention, memory, and motor control (Rochat & Striano, 2000; Sen & Gredebéck,

2021) and the emergence of goal-directed activity at 3-4 months (Thelen, Corbetta &



Spencer, 1996), it is unlikely that we begin life with all the cognitive and physical tools
necessary for intentional action and agentive experience. Furthermore, Zaadnoordijk,
et al. (2019) have argued that comparator models are insufficient for explaining sensa-
tion of agency as they assume but do not directly handle determinations of causality,
how sensory inputs are conceptually labeled as self- or other-generated, or the in-
teractions between these processes. Though comparator models are largely aimed
at explaining how judgements of agency are determined by adults, relatively little
attention has been given to identifying the mechanisms underlying the basic sense of
agency emerging in early life. Is there a way to explain the shift toward intentional
action seen in infancy without relying on a pre-existing internal agent with goals in

mind?

1.2 NON-REPRESENTATIONAL ACCOUNTS OF SELF-PERCEPTION

Agency requires some capability to differentiate between oneself and the world. In
contrast to the representational approach of comparator theories, J.J. Gibson’s eco-
logical perspective (1979) suggests that the self is directly perceptible. As an organism
explores its environment it necessarily perceives information about itself at the same
time. For example, when an external object moves only part of the subject’s visual
field changes, whereas when the subject moves, the entire perspective shifts (E. J.
Gibson & Adolph, 1992). These perceptual differences in optic flow allow for simul-
taneous exploration and definition of self and environment relative to one another.
Of note, several studies investigating the neural mechanisms underlying visual sta-
bility found support for Gibson’s explanation in contrast to extraretinal processing
proposed by representational accounts (Poletti, et al., 2010; Arathorn, et al., 2013).
Gibson (1987) argued that the dual nature of exploration was true regardless of per-
ceptual modality. As the organism explores its environment, any type of perceptual

feedback contains information about the environment relative to the self. The philoso-
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pher of biology and anthropology, Maxine Sheets-Johnstone (2011) underscores that
it is not just visual perception of movement and tactile sensation, but kinesthesia —
the feeling of one’s body moving- that are key to self perception and emergence of
self-agency. Noted developmentalist Arnold Gesell described his own son’s journey to

self discovery:

“By gradual degrees he comes to realize that he has a hand which feels
when it contacts (active touch), which feels when it is contacted (passive
touch), which feels when it is moved (sense of motion, or kinesthetic sense
mediated by sensory end organs in muscles, joints and tendons). His
ceaseless manipulation, therefore, acquaints him not only with the phys-
ical universe and the physical presence of other persons, but with the
physical presence of himself” (Gesell & Ilg, 1943, pp. 33).

Though evidence of explicit self-knowledge manifests in children over time, it seems
that we are born with a rudimentary ability to distinguish between and differen-
tially respond to self- versus external stimulation (Rochat & Striano, 2000). For
instance, newborn infants root three times more when their cheek is stroked by some-
one else compared to when the infant’s cheek is contacted by their own hand (Rochat
& Hespos, 1997). The perceptual differences between being touched by someone or
something else versus feeling oneself touch oneself are innately associated with graded
reflexive responses. In contrast to Piaget’s (1954) theory that infants are born com-
pletely undifferentiated from the world, it is evident that the physiological tools for
self-perception are embedded into the human form from the start.

After more than four decades, the debate between ecological and representational
accounts of self-perception has yet to be resolved. However, the question of starting
grounds has important theoretical and practical consequences. Assumptions about
infants’ perceptions and inborn cognitive abilities inform standards of care for infants
(Rochat, 2011) and shape the scientific questions developmental researchers ask. As
we shall see, self-agency is more than self-perception. Getting at the mechanistic root

of self-agency will require careful and systematic research.
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1.3 SELF IN ACTION: AN INTRODUCTION TO
MOBILE CONJUGATE REINFORCEMENT (MCR)

Agency involves causally linking self-generated movement and self-perception to out-
comes in the environment perceived through changing sensations. There is now ample
evidence demonstrating that very young infants perceive and respond to the sensory
outcomes of their actions, that is, to sensorimotor contingencies (see Jacquey, et
al., 2020 for review). Before formal evidence of this existed, Carolyn Rovee used a
silk belt from a dress to connect her son’s foot to a mobile hanging over his crib to
keep him occupied while she studied for her doctoral exams (Gerhardstein, 2006).
Rovee noted her son’s enjoyment and active enthusiasm as he kicked and squirmed,
causing the mobile to shake. A student of Behaviorism (Gerhardstein, 2006), Rovee
envisioned this process as a correlate of conjugate reinforcement, a reinforcement
schedule introduced by Lindsey (1963) wherein the subject’s own activity continu-
ously determines the rate and magnitude of reward. Rovee and Rovee (1969) went on
to design and popularize an experimental setup they named mobile conjugate rein-
forcement (MCR) to investigate how feedback from the environment influences infant
exploratory behavior. In MCR studies, the infant is placed into a crib with a mobile
hanging overhead. After a few minutes, the infant’s foot is tethered to the mobile,
which now responds directly and continuously to the infant’s leg movements. The
more the infant kicks, the more the mobile moves, further stimulating infant move-
ment. Rovee and Rovee (1969) reported that within a few minutes of interacting with
the mobile, infant kicking rate tripled compared to baseline. They interpreted this
as evidence of reinforcement learning occurring in very young infants, far earlier in
development than was thought possible at that time (Gerhardstein, 2006).

The large majority of contingency learning studies in infants under 6 months of age
have used either mobile conjugate reinforcement (see Sen & Gredebéck, 2021 for re-

view) or non-nutritive sucking paradigms (see Jacquey, et al., 2020 for review). In the
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case of non-nutritive sucking, infant modulation of the duration of intervals between
sucking bursts (DeCasper & Fifer, 1980), sucking rate (Kalnins & Bruner, 1973), or
pressure (Rochat & Striano, 2000) resulted in some sort of audio and/or visual re-
sponse. In either paradigm, infants who, compared to baseline, greatly increase the
target behavior and, by extension, the experimentally linked environmental response,
are said to have ‘learned’ or ‘detected’ the sensorimotor contingency between their
actions and the environmental consequences. To be sure, the popularization of the
MCR paradigm by Rovee pioneered a gold rush of discovery about infant learning and
memory (Fagen, Ohr & Boller, 2016). However, adherence to a behaviorist framework
has led to a number of questionable assumptions about infant activity and cognition
in the context of MCR studies. Furthermore, the predominant theoretical approach
and methodology of MCR experiments have confined the line of scientific inquiry to
only a small fraction of the paradigm’s revelatory potential. Though the next section
will enumerate some of the issues arising from the classic MCR framework in detail,
one of the main problems with the Behaviorist lens is that the organism is treated
as a contained entity which programmatically outputs responses in reaction to in-
puts from the environment. The notion is elegant in its simplicity. Unfortunately,
prevailing scientific thought built on decades of research contends that this concep-
tualization is overly simplistic. The organism and environment are enmeshed and

coevolve (Darwin, 1859; Gibson, 1979; Sameroff, 2009).

1.4 METHODOLOGICAL LIMITATION OF MCR

Consider first, the issue of contingency detection. Sen and Gredebéck (2021) high-
lighted the need to critically evaluate how contingency detection is experimentally
defined. Foundational MCR studies assumed that all infants would enjoy interact-
ing with the mobile and be equally motivated to elicit progressively greater mobile

response. A half century’s worth of MCR results reveals that this is not so. Suc-
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cessful detection of the contingency between infant movement and mobile response
has been defined as the infant increasing movement during the tethered phase at
least 1.5 times relative to its baseline (pre-tethered) rate (Rovee-Collier, et al., 1985).
Not all infants increase their movement rate substantially when tethered to the mo-
bile (Jacquey, et al., 2020), and in some studies as few as half of the infants did so
(Sen & Gredeback, 2021). Jacquey, et al. (2020) noted that a mere 2 percent of
infants detected a contingency in a series of pilot tests they conducted. Devotion to
this reinforcement learning inspired criterion assumes that all infants use the same
strategy (elevated movement rate) to elicit mobile motion and that maximal mobile
movement is preferred by and “rewarding” to all infants, but fails to consider other
primary motivators of infant activity. As Aslin (2014) pointed out, classical and oper-
ant conditioning paradigms tend to focus on concrete primary reinforcers (e.g., food,
visual stimulation), and fail to recognize the primacy of less tangible motivators of
infant behavior such as emotional comfort (Harlow, 1958), curiosity (Berlyne, 1950)
and mastery (Hendrick, 1942). It seems that some primary motivators in the MCR
context may remain unaccounted for.

Critical to the interpretation of infants who do not exceed the traditional crite-
rion is the assumption that infants begin the tethered phase of the experiment in
a behavioral state comparable to their baseline and reach even higher levels of ac-
tivity as they interact with the mobile (Fagen, et al., 1984). Although Rovee spent
considerable effort across her career to demonstrate the importance of visual context
on infant behavior and memory (Rovee-Collier, et.al, 1980; for review, see Fagen,
et al., 2016), few have considered tethering and the initiation of mobile motion as
constituting a new functional context (Kelso, 2016) which may immediately trigger
a vastly different infant behavioral state compared to baseline when the mobile was
in sight but was stationary and disconnected. Notwithstanding what constitutes the

term “behavioral state”, the results presented here will show that infant movement



patterns switch immediately upon initiation of mobile movement.

Failure to meet the classic cut-off has frequently been taken to mean that the infant
did not learn or sense contingency. If it is usual for only half of infants in these studies
to meet the criterion for learning, should we conclude that the other half of infants
are insensitive to sensorimotor contingencies? In all likelihood, the majority of full-
term infants with no known medical issues who failed to meet the classical cut-off for
contingency detection in these studies went on to develop normally. High spatial and
temporal resolution analysis of spontaneous infant leg movement has confirmed that
though spontaneous infant leg movement is chaotic, it is also exploratory in nature,
with patterns of joint coordination flowing upstream from ankle to hip (Stephen, et
al., 2012) and downstream from hip to ankle (Thelen, 1994). Infants constantly move
and explore. However, in pursuit of simple laws that govern human learning, learning
experiments have largely limited analysis to the group level (Newell, et al., 2006; but
see Zanone & Kelso, 1992; Kostrubiec, et al., 2012 for review), treating individual
variability as error. Some MCR studies have gone so far as to exclude non-learners
from analysis (Gerhardstein, et al., 2012). This approach precludes the possibility of
exploring the variability of individual infants’ strategies of exploration and control -
what they actually do, in other words. Learning in adults depends on each individual’s
intrinsic dynamics, their baseline capabilities and predispositions (Kostrubiec, et al.,
op cit.). The often high proportion of infants in contingency studies who do not
meet the standard learning criterion highlights the importance of investigating how
individual intrinsic dynamics direct infant exploration and contingency detection. A
feature of analysis and interpretation in the present work is a focus on both collective
(group) and individual levels.

A few studies have investigated whether ‘learners’ and ‘non-learners’ differ in terms
of baseline movement characteristics. High velocity baseline movements (Watanabe

& Taga, 2011) and high baseline movement rates (Millar & Weir, 2015) were found



to be characteristic of ‘non-learners’. Rochat and Striano (1999) found evidence that
sensitivity to contingency varies with age, emerging by about 2 months of age. In-
fant detection of contingency in real-world situations likely rests on a combination
of factors that cannot be captured by a linear stimulus-response model in the vein
of Thorndike’s (1927) law of effect. How are infants’ individually preferred patterns
and rates of movement related to their movement dynamics during tethering? What
is the infant’s initial response to mobile movement and does that relate to patterns
of exploration and discovery during tethering? How do the infant’s intrinsic dynam-
ics interact with the specific characteristics of the contingency? These remain open
questions which will be addressed in the present thesis. Though operational defini-
tions and a priori metrics are necessary for honest and statistically valid research,
cut-offs should not cut out half of normally developing infants from analysis. It
stands to reason that ‘non-learners’ are equally evolutionarily prepared to explore
their relationship to the environment in functionally meaningful ways, and that our
conceptual approach and analytical tools may need to be tailored appropriately in
order to capture and understand how infants explore and make sense of the world.
In this spirit, we might question whether infant detection of contingency can only
or best be assessed by comparing peak movement rates during the connected phase to
baseline non-contingent movement rates. It may be possible to detect changes across
the tethered phase which reflect contingency or causal learning despite a failure to
exceed the classic cut-off. For example, Popescu, et al. (2021) using a contingency
paradigm with 6-month-old infants recently tested whether the dynamics of infant
movement during contingency reflected targeted probing of the contingency. They
outfitted infants with accelerometer wrist cuffs which could trigger a stimulus by
exceeding some acceleration threshold in an all-or-none fashion. Using fine-grained
time resolution analysis, Popescu, et al. (2021) found that infants are more likely to

make intense movements in the 13 seconds immediately after instances of stimula-
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tion compared to other times, but this was true only in the contingent condition and
not during a non-contingent baseline. They also hypothesized, based on Movellan’s
(2005) idea, that if infants were actively probing contingency, they would alternate
between periods of moving and freezing, checking both the effects of their motion
and their inactivity on the feedback from the environment. Popescu, et al. (2021)
found that while infants increased activity rates faster during contingency compared
to a non-contingent condition, infants also displayed a larger proportion of very small
accelerations (which correspond to instances of abrupt stops) during contingency ex-
ploration, supporting Movellan’s hypothesis that stop-and-go patterns are a hallmark
of contingency exploration. Although most narratives surrounding mechanisms of
infant self-discovery through contingency learning focus on the positive feedback re-
lationship between infant activity and stimulus response, periods of infant inactivity
are logically necessary to exclude the possibility of external drivers of stimuli. The
present study will employ new analytical techniques which focus on the dynamics of
sensorimotor coordination to gain greater insight into infants’ sensitivity to contin-

gency rather than limiting analysis to comparisons of activity rate.

1.5 NONUNIFORM SENSITIVITY TO CONTINGENCY

Jacquey, et al.’s (2020) recent review of infant contingency learning concluded that
infants are more sensitive to some contingencies than others, that these sensitivities
change with age and that individual differences exist. Due to high failure rates in
many MCR studies, Jacquey, et al. (2020) were motivated to identify experimental
factors associated with successful contingency detection. One important variable they
identified was saliency of contingency. Though the literature is extremely sparse in
this domain, they identified four features of saliency: abruptness of onset and offset
of environmental response, sensitivity of trigger, response delay, and probability of

response. More abrupt feedback and less sensitive response triggers which require
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more effortful, salient movements on the part of the infant are related to greater
likelihood and quicker contingency detection. The literature is mixed as to whether
infants prefer immediate or delayed environmental response and whether this pref-
erence changes with age. Lastly, while infants older than three months are more
likely to detect contingency when environmental feedback is probabilistic rather than
deterministic, Jacquey, et al. (2020) noted that this effect may change with age,
though it has yet to be explored. To further complicate matters, the few studies
which explore saliency are mixed in terms of whether responses are analog or digital
in nature. Digital contingencies involve an all-or-none stimulus response, whereas the
quality /magnitude of infant activity determines the quality /magnitude of response
in analog contingencies. Given how little we know about these issues of saliency, it
is safe to say there is much left to learn about the effects of interactions between
these factors on infant behavior. The present work will be the first analog MCR
study to quantify measures such as delay between infant activity and mobile response
and explore how characteristics of the relationship between infant and mobile activity

change over time.

1.6 IS REINFORCEMENT THE ONLY OPTION?

Understanding how young infants make sense of the world and learn to become active
agents involves addressing fundamental questions of action, cognition, the brain and
body. How do people extract meaningful information, critical for function and sur-
vival, from the constantly changing motion of the bodies and environments which they
inhabit to guide effective action? This is an impressive feat for an adult, let alone
a young infant. Most explanations of infant learning center around sensorimotor
contingency detection which somehow morphs over time into intentional action, but
do not specify mechanisms or processes involved. Classical studies of infant behav-

ior point to reinforcement learning as a key mechanism in sensorimotor contingency
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detection. Reinforcement learning assumes certain stimuli are rewarding and drive
infant behavior. On a simplistic level, simulations of agents operating on reinforce-
ment learning schemes should increase behaviors which produce rewarding stimuli.
Within energetic and biomechanical limits, the agent should keep producing reward
provoking behaviors ad infinitum. This is what is observed in rats that continue self-
administering narcotics until their demise (Beck & O’Brien, 1980). In the case of the
rats, the behavior and reward are neatly mapped onto one another, and the process
programmatically repeats until the creature cannot go on. We know that this is not
how human infants behave in MCR experiments. Aside from tiring out, infants also
lose interest and are not uniformly ‘rewarded’ by contingent mobile motion. Explain-
ing infant learning more generally within the framework of reinforcement learning
would seem to involve cataloging all things rewarding and to which degree, and un-
der which circumstances. This approach gets even more unwieldy as we recognize that
the things which seem to be rewarding one month may be totally uninteresting to an
infant the next. If one were able to explain infant behavior within the MCR paradigm
by characterizing the reward offered by the mobile, that explanation might not extend
to a different context with qualitatively different ‘rewards’. Though elements of rein-
forcement learning (i.e., something akin to positive feedback) do seem to be involved
in contingency detection and the birth of intentional action, reinforcement alone is
insufficient to fully explain how exactly spontaneous movement metamorphizes into
goal-directed behavior. Fresh eyes, new language, and better-suited techniques may
be necessary to describe and capture nonlinear processes in development. Broader
theories of learning and behavior centering on spontaneous activity, patterns of coor-
dination (Kelso, 2016) and innate curiosity (Friston, et al., 2017) may help us uncover
drivers of activity in infants exploring contingency, including infants who might be

4

classified as “non-learners” according to traditional standards.
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1.7 COORDINATION ENCAPSULATES SALIENCY OF CONTINGENCY

Decoding infant behavior to understand how infants make sense of their role in shaping
the environment involves a detailed accounting of the parameters of the interactions
infants have with their environment. Detecting a causal relationship is easier in
some situations than others, and Jacquey, et al. (2020) identified a number of issues
contributing to the level of difficulty of contingency detection for infants. Another
measure of saliency emerges from a close reading of descriptions made by Piaget (1952)
and Rovee and Rovee (1969) about the nature of the contingencies they constructed.
Rovee and Rovee (1969) tightly tethered one of the infant’s feet to the top of a mobile
hanging above the infant’s crib, whereas Piaget loosely tethered his infant son’s arm
to a hanging rattle. For Piaget (1952, pp.161), the extensiveness and regularity of
Laurent’s arm movements led him to conclude that “Conscious coordination seems
definite...It therefore seems that the swinging was intentional.” Though neither Piaget
nor Rovee (nor anyone else, cf. Kelso, 2016; Kelso & Fuchs, 2016) formally measured
the tethered object’s motion, there are differences between describing an object’s
motion as being in direct proportion to the infant’s (Rovee & Rovee, 1969) and
the object’s motion being coordinated with the infant’s (Piaget, 1952). Issues of
natural and resonant frequency make a naturalistic, coordinative relationship more
complicated than a one-to-one input/output scenario of proportional feedback. In a
world of coordination, the naturalistic world we inhabit, it is not just the force or
amplitude of the movement that matters, but also the timing of the impulse relative
to the object’s trajectory, and the physical characteristics of the tether and mobile. A
poorly timed infant movement might dampen the pendulum-like swing of a traditional
mobile, challenging Rovee and Rovee’s (1969) conception of a simple proportional
relationship between infant and mobile motion. In a coordinative and analog context,
timing is everything, or, at the very least, it is critical.

Consider, for a moment, the coordinative consequences of the difference in taut-
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ness of the tethers set by Piaget and Rovee. A physical tether is not only a means
of triggering feedback from the environment. The characteristics of the tether set
constraints on the coordinative relationship between infant and mobile. Tautness
determines the timing and sensitivity of mobile response, and, by the same token,
the temporal pattern and intensity of infant movement required to achieve maximal,
maximally efficient or controlled and predictable mobile response. The measures of
saliency which Jacquey, et al. (2020) established to be key factors in contingency
detection (i.e., abruptness of onset and offset of environmental response, sensitivity
of trigger, response delay, and probability of response) are all determined in a natu-
ralistic, analog MCR setup by the features of the tethering. These features determine
the coordinative relationship between the infant and mobile and the likelihood that
infants will detect a causal relationship between the two. By the same token, the
coordinative relationship reflects these key features of saliency critical to realization
of self-agency.

Remarkably, coordination has largely been left out of the conversation surround-
ing infant contingency detection. Only a handful of digital contingency studies have
probed the effects of stimulus response delay on contingency detection (Jacquey, et al.,
2020). In classical analog MCR studies, infant behavior has been analyzed separately
from the mobile’s. That fact alone precludes any understanding of the coordinative
relation between the organism (here the infant) and the environment (here the mo-
bile and its motion). Since we cannot crawl into the mind of an infant to see how
realizations of contingency and agency occur, it seems sensible to focus on changes
in infants’ behavior. However, one implication of ecological theory is that behavior,
perception and environment cannot be understood fully if treated as separate entities
with objective, independent features. The definition of what an object is depends on
who is interacting with it. A chair affords sitting to an adult, leaning for an infant

learning to stand, or a place to take shelter for a cat hiding from said infant. Purpose
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systems. In terms of human behavior, the system may include all levels of the body
and brain, as well as the physical and social environments. Rather than try to describe
the independent action of every element or hierarchical level in a system, CD places
focus on identifying functionally meaningful patterns of coordinated behavior and
characterizing the factors driving them. CD asserts that elements within and across
levels of organization of the organism and the environment can couple temporarily and
spontaneously group to form functional synergies or coordinative structures — units
of coordination bound together for task-specific functions (Bernstein, 1967; Kelso,
1995). Importantly, formation and function of coordinative structures in biological
systems rely on the mutual exchange of information between the component parts
(Kelso, Dumas & Tognoli, 2013). Synergies are stable enough to maintain coordinated
behavior, but flexible enough to dissolve or change when task demands shift (Kelso,
2009b). They reduce the number of degrees of freedom that need to be controlled by
the system and accounted for by theory. The notion of synergies also dissolves illusory
boundaries between ‘organism’ and ‘environment’, refocusing attention on patterns
of functional coordination between interacting components.

Synergies are described by collective variables or order parameters, relational
quantities created by the cooperation (and competition) of the individual elements in
the coordinative structure. Collective variables define states of coordinated behavior
between components and simultaneously put limits on the activity of the individ-
ual components (Kelso, 2009a). This sort of reciprocal or circular causality is quite
common in systems in which coordination spontaneously arises and is one reason
why traditional approaches that search for linear causalities fail to solve problems of
behavioral control (Kelso, 1995). While collective variables are not known a priori
and must be empirically identified, many studies of coordination have found that the
same relational quantities can be used to describe patterns of coordination involved

in different processes on many levels of a system, including interactions within the
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body, including the nervous system, between the body and the environment and be-
tween individuals (e.g., Eckhorn, Bauer & Reitboeck, 1989; Kelso, et al., 1992; Kelso
& Fuchs, 2016, Tognoli, et al., 2007). Abrupt and qualitative changes in patterns of
coordination, called phase transitions, highlight the distinctions between coordinative
states (Kelso, 2009a). Control parameters are variables which reflect task demands.
Control parameters can be tuned and when a critical value for a control parameter is
reached a phase transition is triggered. Since phase transitions are marked by sudden
changes in behavior and are, therefore, easily identified, one can work backwards,
noting a phase transition and then searching for key collective variables which define
coordinative states.

Looking through Rovelli’s prism (see footnote 2) and according to CD (see review
in Kelso & Fuchs, 2016), it is the relationship between infant and mobile motion which
1s of utmost importance. Whereas most theories of agency hinge on the distinction
between the agent and its environment (Bruner, 1973; Frith, Blakemore & Wolpert,
2000; Rochat & Striano, 2000; Wegner and Wheatley, 1999; Howhy, 2007; Moore,
et al., 2009; Jeannerod & Pacherie, 2004), the interpretation of MCR based on CD
pursued here (and consistent with footnote 2) suggests that the infant and mobile
might be more accurately viewed as components of a system and that their features
emerge through interaction. The notions of ‘stimulus’ and ‘response’ get a bit hazy
when recognizing that ”sensory stimulus and motor response... are always inside a
coordination... and that one and the same occurrence plays either or both parts,
according to the shift of interest” (Dewey, 1896). One might then ask, what is the
nature of the coordination between baby and mobile and how does it form and change
with experience?

Though evidence from a handful of studies suggests that relational variables such
as timing and degree of contingency are important, as of yet there has been no sys-

tematic exploration of these factors and their effects on infant contingency detection.
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Any attempt to truly understand how infants come to realize their role in interacting
with the environment requires quantifying infant behavior, environmental response
and the details of the interaction between the two in both space and time.

Mixed findings and high failure rates call for a shift in focus from whether or
not infant behavior reflects contingency detection, to investigating the coevolving
relationship between infants and their environment, and to identifying system states
and the variables driving state changes. In accord with the tenets of CD, the present
study aims first to quantify mobile motion, explore the dynamics of coordination
between the infant and the mobile during contingency in high spatial and temporal
resolution and investigate how these coordinative measures relate to infant movement

dynamics and the process by which infants discover their ability to affect the world.

1.9 IS REPETITION EVIDENCE OF GOAL-DIRECTEDNESS?

MCR has predominantly been used to demonstrate infant sensitivity to sensorimotor
contingencies (Rovee & Rovee, 1969) and to probe infant memory capabilities (see
Jacquey, et al., 2020 for review) and motor control (Angulo-Kinzler, 2001; Chen, et
al., 2002). Rovee and Rovee (1969) found that infants kicked significantly more when
mobile movement was due to their own movement compared to when infants saw the
mobile move at similar rates but at the hand of an experimenter. This observation
was used to rule out the possibility that the significant increase in kicking rate during
conjugate reinforcement was due to a general arousal response to mobile movement
rather than specific associative learning. Gibson and Adolph (1992) commented that
the increase in kicking frequency during the tethered phase did not simply indicate
that infants learned to associate kicking with mobile movement. Rather, they sug-
gested that the infant’s sense of control over the mobile was the “most reinforcing
element” - an overlooked primary motivator.

It is intuitive to infer intention when observing repeated, coordinated movement
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resulting in functionally meaningful effects. If one swung a broom towards themselves
and repeated this procedure around the entire floorspace of a room, most observers
would say one was intentionally acting to achieve their goal of cleaning the floor. For
decades, movement frequency has been at heart of infant sensorimotor contingency
research. However, elevated frequency of some response-producing behavior does not
necessarily reflect goal-directedness or self-agency. Zaadnoordijk, et al. (2018) sim-
ulated an MCR experiment with a virtual infant programmed to function according
to a reinforcement learning scheme, but unable to represent its actions as the cause
of mobile movement. Nonetheless, the simulated infant, incapable of causal learning,
reproduced the pattern of elevated movement frequency by the tethered limb during
contingent reinforcement observed by Rovee-Collier, et al. (1978). This simulation
demonstrates that elevated frequency alone, even of the single tethered limb, may
not reflect causal learning, goal-directedness or agency. Bahrick and Watson (1985)
noted as much in their discussion, concluding that differentiating between reinforced
and intentional action is “a challenge for future research.” However, confusion sur-
rounding this parsing persists. Some have claimed that the increasing frequency with
which fetal hand movements contact the areas of the head most densely packed with
sensory cells “represent[s] ‘goal directed’ actions” (Yamada, Mori & Kuniyoshi, 2010).
Others have reasoned, “If the fetus increasingly aims its movements toward the more
sensitive body parts, this means that it progressively selects these movements that
induce interesting sensory feedback” (Fagard, et al., 2018). From these statements,
one might conclude that the fetus knowingly selects movements with highest sensory
payoff. Could it then be said that the fetus experiences self-agency? Differentiating
between reinforced movements and intentional action is a delicate, but important is-
sue. A first step is to clarify the concept of self-organization, spontaneous pattern
formation, paying particular attention to the language used to describe the observed

phenomena and the conclusions drawn with regards to goal-directedness.
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1.10 SELF-ORGANIZATION IS NOT INDICATIVE OF A SELF

Self-organization is ubiquitous in nature (Haken, 1977). For example, large popu-
lations of fireflies have been observed to coordinate their flashing (Strogatz, 2003).
There is no lead firefly in the group directing the light show. There is no planning or
purposeful communication aimed at coordinating the group. Nonetheless, near perfect
synchrony is achieved by mutual influence of each member’s behavior on the others.
Strogatz (2003) likens this phenomenon to a functional orchestra without a conduc-
tor. In self-organizing systems such as this, patterns of coordination spontaneously
form and switch, but this organization does not rely on any centralized command
center to evaluate meaning or provide direction for behavior. The emergence of order
relies completely on the constraints and affordances of system components and the
exchange of information between them (Kelso, 1995). Though systems of biological
oscillators (e.g., flashing fireflies, chirping crickets, or synchronously firing neurons)
may differ in their biochemical compositions and physical forms, their coordinating
components are all capable of sending and receiving information to and from one
another. Coherent patterns of behavior spontaneously arise from this give and take,
from interaction and mutual influence.

Although self-organizing systems can display what may appear to be coordinated,
goal-directed activity, these systems are not actually driven by goals, an internal pro-
gram or agentive ‘self’ (Kelso, 1995; Smith & Thelen, 2003). In fact, self-organization
occurs in many inanimate systems such as fluids, lasers and chemical reactions (Haken,
1977). However, self-organization is also a hallmark of biological systems and may be
a necessary complement to natural selection as natural selection alone is insufficient
to explain how anything arose to be selected from (Kaufmann, 1995). Schrédinger
(1944) wisely noted that this tendency of biological systems towards order seems to
defy the second law of thermodynamics (entropy, the natural tendency towards dis-

order) and that new laws governing behavior of biological organisms are waiting to
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be discovered. How is it that a tangle of sugar, phosphate and rings of carbon and
nitrogen coalesce into the genetic material which directs the development of a whole
person from a single cell? The process of self-organization somehow results in complex
function from a mass of atoms. It is not uncommon to hear scientists and educators
describe coordinated genetic activity occurring to produce functional results. For
example, one might naively or lazily say that ‘the cell does genetic transcription and
translation to produce proteins’. It is intuitive to say that the cell does what it does
for some purpose - to survive, to grow, to reproduce, but where is the part of the cell
that decides to do some function?

Because the notion that ordered behavior is produced in order to achieve some
goal is so intuitive, it may be difficult to reconcile that goals or utility are actually a
function of order. In considering the relationship between the process of evolution and
the utility or purpose of evolved structures, Rovelli (2021, pp. 169) noted, “Darwin’s
discovery is that we understand why there are these structures by reversing the order
of cause and effect between their utility and their existence: their function (to see, to
eat, to breathe, to digest... to contribute to life) is not the purpose of these struc-
tures. It is the other way around: living beings survive because these structures are
there.” A similar principle links coordinative structures to their purposes: coordina-
tive structures form from spontaneous fluctuations and systemic constraints and may
be retained if they are functionally relevant. Cellular organizing processes occur if
they are energetically favorable, and if they occur they support life. Taking a second
look at the progression in fetal hand-head contacts, evolutionarily selected genetic
code creates a non-uniform distribution of tactile cells across the fetal head, and the
non-uniform distribution of touch receptors constrains behavior in such a way as to
increase the probability of producing hand movements which make contact with the
most sensitive parts of the head. One might describe this as a self-reinforcing pattern.

In fact, Yamada, Mori and Kuniyoshi (2010) described the self-organizing process pre-
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infant is disconnected. The latter was exactly how the simulated infant, which was
incapable of causal learning, behaved. As soon as it stopped receiving feedback from
the mobile, it began reducing its movement. Therefore, it seems that the increase
after the tether is disconnected observed in human infants represents something more
than reinforcement learning. Furthermore, in an MCR experiment with real infants,
Zaadnoordijk, Meyer, et al. (2020) found evidence of violation of expectation after
the tether was disconnected in the form of a burst of increased infant movement in the
previously tethered limb accompanied by mismatch negativity in EEG. For Piaget,
one indicator of intention was Laurent’s anticipatory eye blinks before his movements
produced rattle noise. Others have looked to targeted movements and violation of
expectation as assessed by emotional reactions as proof of intentional action (Bower,
Broughton & Moore, 1970). Likely, a convergence of multiple streams of evidence,
from the infant, the stimulus, and the coordination between them, will be necessary
for confirming agentive action. Though a handful of studies have begun to untangle
reinforcement from intention, the current study is a first step in experimentally es-
tablishing the MCR paradigm as a model setup for the quantification and systematic

exploration of the self-organizing and coordinative bases of infant agency formation.

1.11 GETTING TO GOALS: THE KELSO~FUCHS MODEL

An hypothesis explored here is that principles of self-organization may be used to
explain the emergence of agentive abilities without relying on the pre-existence of an
inner agent or goal-monitoring system. What, then, are the organizing components
and in what manner might they give rise to a sense of self agency? Kelso (2002)
proposed that agency must somehow emerge from one of the infant’s most basic ca-
pabilities: spontaneous movement. He asserted that the dawn of agency breaks when
the infant discovers its spontaneous movements are causing the world to change, and

if that process is to be understood in terms of self-organizing coordination dynamics,
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then measures of the coordinative relation between the baby’s end effector (here the
foot) and the mobile are crucial (Kelso, 2016; Kelso & Fuchs, 2016).

Kelso and Fuchs (2016) reimagined the infant and mobile in the MCR paradigm
as components of a dynamic system which transition from an uncoupled to a coupled
state. During the first phase of the MCR paradigm, the infant moves and kicks spon-
taneously in a pattern that is driven by the baby’s intrinsic dynamics (some preferred
pattern of motoric activity and limb coordination) while the mobile remains station-
ary. For Sheets-Johnstone (2011) and the ecological approach, this phase relates to
the first step in agency formation: discovery of self through spontaneous movement.
In the next phase of the experiment, the infant is tethered to the mobile. Now, when
the infant kicks, the mobile moves in response, stimulating further infant movement.
Whereas Rovee and Rovee (1969) explained the large increase in infant kicking dur-
ing conjugation in terms of reinforcement learning, conceptualizing greater kicking
response as leading to greater reward from the mobile, Kelso and Fuchs (2016) inter-
preted the tethering of infant to mobile as the formation of a coordinative structure,
a flexible synergy. Complementing Rovelli’s approach to the physics of fluctuating
photons, the Kelso~Fuchs model sees the infant and mobile tightly bound together
by the mutual exchange of information. The infant initially kicks spontaneously, but
now, tethered to the mobile, information is communicated bi-directionally. The link-
age of kinesthetic information from the infant’s movement, the haptic information felt
as the infant tugs the tether, and the visual and auditory stimulation from the mobile
become functionally meaningful and are thought to feed into a control parameter for
the infant’s behavioral state. As these signals become more coordinated, the value
for this control parameter increases, and eventually a critical level of coordination
could be surpassed by some infants, triggering an abrupt change in infant movement.
Kelso & Fuchs (2016) hypothesized that an abrupt increase in infant kicking rate

might represent a phase transition (a sudden state change), reflecting a ‘Eureka!’
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moment in which the infant recognizes that its own motion is causing the mobile to
move. They described tethering as initiating an autocatalytic process, whereby pro-
gressively greater infant activity and progressively greater mobile response make the
causal relationship between infant and mobile movement more and more apparent to
the infant. Kelso (2016) hypothesized that this mechanism underlies the transition
from spontaneous to purposeful movement, the emergence of self-agency.

The question of when agency first emerges seems quite difficult to answer. Nonethe-
less, experimental results indicate that senses of self and self-agency (at the very least)
strengthen and solidify across development, and that important advancements occur
within the first few months of life. Whereas previous research has attempted to de-
termine whether evidence of infant agency exists, the focus here is the process by
which agency emerges and coalesces in early life. Infants tested in MCR studies have
almost certainly been exposed to contingencies in their natural environments and
may have had agentive experiences prior to experimental testing (possibly beginning
in utero). However, one of the insights of Coordination Dynamics is that the MCR
paradigm provides a window into the process of agency formation by constructing
a clear experimental situation in which infants begin as disconnected observers and
then transition to being functionally enmeshed in a specific environment. The MCR
paradigm allows us to observe infants as they undergo this evolution, and possibly
catch a moment when an infant discovers her or his ability to make the mobile move.

The nature of agency and its roots have eluded scientists and philosophers for
centuries. One of the main problems in identifying agentive action in MCR studies
is that ‘kicking’ can be spontaneous and exploratory one moment, but intentional
the next. Simply comparing quantities of activity in various phases is insufficient for
differentiating between spontaneous movement and goal-directed action. Dynamics,
on the other, may identify qualitative changes in behavior. Scientists have held the

general notion that experiencing contingency leads to formation of a sense of self
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and goal-directed behavior for quite some time (Gibson, 1979; Butterworth, 1982;
Neisser, 1991; Gibson & Adolph, 1992; Rochat, 2015). Dynamic Systems theory went
a step further by accounting for intrinsic dynamics and the formation and utiliza-
tion of functional synergies within the infant’s body in the development of new skills
and motor patterns (Thelen & Fisher, 1983; Thelen, Kelso & Fogel, 1987; Thelen,
et al., 1993; Thelen, 2005). However, the Kelso~Fuchs (2016) model is the first to
propose specific, testable mechanisms underlying agency formation which encompass
the infant, the environment and their interrelation in space and over time. This pro-
vides a framework for the present systematic investigation of the interaction of infant
intrinsic dynamics, mobile characteristics and relational parameters on contingency

detection and agency formation.

1.12 CURRENT STUDY DESCRIPTION & RATIONALE

(Classical mobile conjugate reinforcement paradigms assume that infant and mobile
movement covary in terms of displacement and temporal patterns (Bahrick & Watson,
1985). While infant kicking rate in the MCR paradigm has been measured extensively,
previous studies have not measured the movement of the mobile or the coordination of
infant and mobile which should be central to theories of reinforcement learning (Rovee
& Rovee, 1969; Bahrick & Watson, 1985) and agency formation (Kelso & Fuchs, 2016).
The current study is the first to measure both infant and mobile movement using an
analog MCR design. Kelso and Fuchs (2016) successfully simulated observed patterns
of infant kicking throughout the different phases of Rovee and Rovee’s (1969) study,
but the behavioral measure used in that study was discrete kicks. In the present study,
both infant and mobile motion are measured continuously in 3-dimensional space at
high spatial and temporal resolution. This type of measurement is intended to reveal
the dynamics of infant behavior during contingency in detail and allow exploration

of the coordinative basis of the emergence of goal-directed behavior. The current
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1.13 HYPOTHESES & EXPLORATORY ANALYSES

1.13.1 Quantity of Infant Activity across Experimental Phase

In order to compare the present findings to previous studies, the standard criterion
for contingency detection was employed to assess changes in infant activity across
the experimental phases. On the basis of previous reports, it is to be expected that
some infants will replicate experimental and model simulation results with regards
to infant kicking rate: monotonically increasing movement across the first 3 minutes
of the Tethered phase and saturating at a rate at least 1.5 times greater than that

observed during the first baseline phase.

1.13.2 Synergies Within & Between:

Evolution of Bodily and Environmental Coordination

Coordination dynamics asserts that living systems are structured hierarchically, and
that system components temporarily and spontaneously coordinate to form flexible
functional synergies (Bernstein, 1967; Kelso, 1995). An interesting issue is whether
synergies within the body change when the infant becomes functionally connected to
the world. To this end, coordination between the trigger foot (the end effector which
will trigger mobile movement) and the unconnected foot as well as between the trigger
foot and the mobile were quantified during the coupled phase using cross-covariance.
The coordination between the trigger foot and the mobile is expected to be stronger
than the coordination between the two feet. The coordination between the feet might
weaken in the Tethered phase compared to the initial baseline as the coordination

between trigger foot and mobile becomes functionally meaningful.
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1.13.3 Movement Dynamics across the Tethered Phase:

Quality of Movement

According to the Kelso and Fuchs (2016) model, a parameter a reflects the tight
linkage between the salient auditory and visual features of the mobile, the kinesthetic
information generated by leg movement, and the haptic information that arises as a
result of the baby’s foot being tethered to the mobile. If a is too low, the baby’s
kick rate does not increase much. Only if a reaches a critical value does kicking
start to increase. A positive feedback loop is triggered. Faster kicks feed into the
mobile and its rate also increases. The whole idea is that if some critical level of
coordination between the infant and the mobile is surpassed, the infant realizes they
are making the mobile move. This moment of realization is represented by a sudden
increase in activity. Some infants might steadily increase activity during the Tethered
phase, reflecting a basic sensitivity to the contingency, whereas other infants might
also discover their control over the mobile, abruptly increasing the frequency of their
foot activity. Differences both in the magnitude of the peak acceleration (change in
movement rate) across l-minute windows and the timing of those peaks are used to
examine these possibilities. A more specific prediction is that infants who increase
their rate slowly (small peak acceleration) will reach their peak later in the Tethered
phase as they continue to explore the contingency, moving closer to but not yet

realizing their own agency.

1.13.4 Interaction of Intrinsic & Exploratory Dynamics

In adults, the path to learning depends on the individual’s predispositions and capa-
bilities (Kostrubiec, et al., 2012; Zanone & Kelso, 1992). Although the relationship
between the infants’ intrinsic dynamics and their behavior throughout contingency
has rarely been explored, one study found that higher baseline activity rates were

related to lower rates of contingency detection (Millar & Weir, 2015). What, if any,
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is the relation between the infant’s level of activity prior to exposure to the mo-
bile (Baseline 1) and the time course and magnitude of activity during the Tethered
phase?

Similarly, whether the nature of increase (abrupt versus gradual) during the Teth-
ered phase varies as a function of the infant’s age is an open question. Previous find-
ings suggest that sensitivity to contingency develops over time (Rochat & Striano,
1999), however, the relationship between age and the dynamics of infant behavior
across contingency has never been investigated. The literature suggests that older
infants are likely to be more cognitively and physically prepared to detect contin-
gency and self-agency. If so, one might expect to observe a trend of more abrupt
changes in older infants and more gradual changes in younger infants. Though the
range of infant ages in the present work is quite small, maximum acceleration rates
(the greatest change in rate of displacement) for each infant were correlated with the

infant’s age.

1.13.5 Infant Strategies during Contingency

Previous research demonstrates that individual infants vary considerably in terms of
level of motivation and the specific strategies they use to produce contingent mobile
movement (Rovee-Collier & Gekoski, 1979; Angulo-Kinzler, 2001; Chen, et al., 2002;
Sargent et al., 2014) and that for more difficult tasks which require specific, non-
preferred movement patterns to trigger mobile motion, only a portion of the infants
tested learn the contingency. In the setup of the current research, infants can mod-
ulate the activity of the mobile by varying a number of characteristics of their own
movements such as the frequency, timing, velocity and or amplitude. Do character-
istics of infant movement reflect infant exploration? If so, what strategies do infants

use to probe the contingency and control the mobile?
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MU Amplitude.

Based on previous observations, the Kelso~Fuchs (2016) model assumes infant kick
amplitude remains constant across the experiment and is independent of kicking fre-
quency. To test this assumption, foot movement amplitude was compared across each
phase of the experiment. Individual infants’ modulation of amplitude and frequency
across the Tethered phase were further explored to assess whether dynamics reflect

individual strategies or level of causal awareness.

Durations of Activity and Rest.

On the basis of the Kelso~Fuchs (2016) model, Kelso (2016) theorized that a sharp
increase in infant activity reflects emergence of infant agency (realization of infant
control). If this is true, a more robust and controlled mobile response should occur
after the initial burst of infant activity. To examine this, an individual infant who
drastically and suddenly increased his activity rate during the Tethered phase was
identified. Further analysis explored whether he modified the durations of movements
and pauses and how these factors relate to mobile response. Does evidence of infant

control over mobile motion exist?
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CHAPTER 2
METHOD

2.1 PARTICIPANTS

2.1.1 Recruitment

Birth records were obtained from the Florida Department of Health. Infants were
recruited by postcards which were sent to all households within a 1-hour drive of
the FAU lab who had full-term (>36 weeks), healthy (Apgar >7) infants under 3
months of age. Infant gestational age was obtained from parents before testing to
confirm that infants were full term. Informed consent was also obtained from parents
before testing. This study was approved by the Florida Atlantic University Social,

Behavioral and Educational Research Internal Review Board.

2.1.2 Demographics

Sixteen 2-4-month-old full term infants (11 male, 5 female) participated in this study.
Infants were on average 100.33 days old (SD = 15.57 days). Using WHO growth
charts, these infants were on average at the 60th percentile for weight given their
age (SD =22.52%). INFANIB assessments found no significant motor development

delays.

2.2 APPARATUS

The current study measured infant and mobile movement in 3-dimensional space using
Vicon motion capture technology which employs 8 infrared cameras. The system has

sub-millimeter accuracy and was set to capture the 3D position (distance from origin
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