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Every day, young learners are confronted with challenges. The degree to which
they persist in overcoming those challenges, and the different ways they persist,
provides critical insights into the various cognitive, motoric, and affective
processes that drive behavior. Here, we present a systematic overview of the
methodologies that have been traditionally used to study persistence, and offer
suggestions for new approaches to the study of persistence that will make strides
in moving the field forward. We argue that automated measures of force and
motion, which have long been used in the study of infants’ motoric behavior, can
provide a means to unravel the psychological processes that guide infants’ trying
behavior. To illustrate this, we present a case study that highlights the novel
lessons to be learned by the use of automated measures of force and motion
regarding infants’ persistence, along with an analysis of the benefits and draw-
backs of this approach, as well as detailed instructions for application. In sum, we
conclude that these measures, when used in conjunction with more traditional
approaches, will provide creative new insights into the nature and development of
early persistence.
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Persistence, the act of working steadfastly to overcome challenges and achieve
goals, has long been an important area of inquiry for researchers across disciplines.
Scholars from education have been interested in persistence because it is a
powerful measure of classroom engagement and a robust predictor of academic
achievement (Duckworth & Gross, 2014; Duckworth, Peterson, Matthews, &
Kelly, 2007). Developmental psychologists have examined persistence because it
provides a window into what infants know about the world, and what they care
about (Leonard, Lee, & Schulz, 2017; Lucca & Sommerville, 2018). Neuroscien-
tists have investigated persistence as a way to gain unique insights into the reward
circuitry of the brain (Gusnard et al., 2003). Persistence has been at the forefront of
so many diverse areas of study because the construct is inherently interdisciplinary;
it blends together key elements of cognition, affect, and motor behavior. To
illustrate, imagine locking your keys inside a car. To get them out, you might
draw on motor abilities and exert high levels of force in trying to pry the door open.
You might recruit cognitive resources and contemplate the most strategic way to
obtain the keys. As a consequence of the success or failure of your actions, you
may grow frustrated, upset, or elated. Most likely, all of this is simultaneously
occurring, highlighting that persistence is fundamentally tied up in different
cognitive, motoric, and affective processes, making it an especially intriguing
area of study. In the current paper, we argue that automated measures of behavior,
particularly automated measures of force and motion, which have long been used
in the study of motor development, can be applied to the study of persistence to
unravel the psychological processes that guide infants’ trying behavior.

To fully understand the nature of persistence, it is important to begin our
investigations in infancy, because that is when individual differences in persistence
first emerge (Messer et al., 1986). By examining early persistence, researchers can
begin to gain a mechanistic understanding into how persistence develops, that is,
the different factors that shape when and how it first emerges. In this review, we
provide a systematic overview of how persistence has traditionally been examined
during infancy. We then outline how new methodological approaches and
advancements can further our understanding of persistence, with a specific focus
on the use of automated measures of force and motion to measure persistence.

Background

Traditional Approaches to the Study of Persistence

Historically, researchers have examined infants’ persistence by investigating
problem-solving and exploratory behaviors in different contexts. To quantify
trends in precisely how researchers have measured persistence in this work, we
conducted a scoping meta-analysis (Tricco et al., 2016). A scoping meta-analysis is
a research synthesis that investigates an exploratory research question by system-
atically identifying, acquiring, and synthesizing research on a topic (Colquhoun
et al., 2014). Scoping meta-analyses are becoming increasingly prevalent as a
means to provide a rigorous and transparent synthesis of the relevant literature in a
particular field of study (Pham, Greig, Sargeant, & Mcewen, 2014). Here, we used
this approach to document all the measures that researchers have used to assess
persistence. Our initial approach was to gather publications examining behavioral
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persistence in children aged 0–36 months using Google Scholar and PsycINFO
with the following search terms: persistence; infancy; toddlerhood; problem-
solving; mastery motivation. We then selected articles that fit our criterion: the
study must have examined children’s persistence on a cognitive-based task.
We further limited our search by excluding papers that examined perseveration
(i.e., studies where the central task was designed to elicit a repetition of a particular
response in the absence of a reward). After this initial search, we examined any
relevant papers that met our selection criteria that were listed in the references of
the selected articles. This search was conducted in October 2018.

Our meta-analysis revealed 37 manuscripts published between the years
1976–2018. An analysis of these papers revealed that researchers classified infants’
persistence in one of five ways (Table 1): time spent on task (e.g., seconds spent
trying to operate a toy; 38%), experimenter rating of persistence (e.g., rating of
children’s persistence in the face of difficulty on a 5-point scale ranging from
refusal to engage with toy to active attempts to complete a challenging task; 16%),
frequency of target behavior (e.g., number of times infants press a button to operate

Table 1 Proportion of Studies Investigating Persistence as a
Function of Measurement Type

Category % Studies Authors (Year)

Time Spend on
Task

38% Belsky, Friedman, and Hsieh (2001), Bober,
Humphry, Carswell, and Core (2001), Tamis-
Lemonda, Bornstien, and Baumwell (2001),
Caplan and Kinsbourne (1976), Frodi, Bridges,
and Grolnick (1985), Grolnick, Frodi, and Bridgers
(1984), Hauser-Cram (1996), Maslin-Cole,
Bretherton, and Morgan (1993), Messer et al.
(1986), Redding et al. (1988), Wachs (1987),
Yarrow et al. (1982, 1983, 1984)

Experimenter
Rating of
Persistence

16% Atun-Einy, Berger, and Scher (2013), Kelley,
Brownell, and Campbell (2000), Martin, Ryan,
and Brooks-Funn (2013), Oppenheimer (2011),
Schieche and Spangler (2005), Wang et al. (2017)

Frequency of
Target Behavior

16% Fagot, Gaucian, and Kavangh (1996),
Golinkoff (1986), Leonard et al. (2017),
Lucca and Wilbourn (2019), Matas, Arend, and
Sroufe (1978), Redding et al. (1990)

Parental Report
of Persistence

11% Pipp-Siegal et al. (2000), Sparks, Hunter,
Backman, Morgan, and Ross (2012), Sullivan
and Comody (2018), Wang, Hwang, Liao,
Chen, and Hseih (2011)

Multiple
Measures

19% Banerjee and Tamis-LeMonda (2007), Frankel and
Bates (1990), Glenn, Dayus, Cunningham, and
Horgan (2001), Jennings, Harmon, Morgan,
Gaiter, and Yarrow (1979), Lewis, Sullivan, and
Kim (2015), McCarty, Clifton, and Collard (1999),
Sullivan and Comody (2018)
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a toy; 16% of studies), parental report of persistence (e.g., dimensions of mastery
questionnaire, which includes questions such as, “will work for a long time trying
to do something hard”; 11%), or a combination of at least two of the other measures
(e.g., time spent persisting and parental report; 19%). This review also revealed that
researchers tend to use a specific subset of tasks when measuring persistence that
can be classified in six general categories: cause-and-effect/means-end toys,
puzzles or shape sorters, standardized assessments, questionnaires, tools/utensils,
or dyadic social interactions (Table 2). These tasks tend to be chosen because they
are either difficult or impossible for infants and toddlers to solve.

Each of these methods has unique advantages and has revealed important
insights into the nature of early persistence: these measures have uncovered that
persistence is a relatively stable construct across development, and predicts broader
cognitive abilities such as problem-solving performance (Yarrow, Morgan,
Jennings, Harmon, & Gaiter, 1982). Moreover, these measures have led research-
ers to discover that individual differences in persistence emerge in the first half of
infants’ first year (Messer et al., 1986), which are shaped by different parenting
styles (Banerjee & Tamis-LeMonda, 2007; Lucca, Horton, & Sommerville, 2019).
However, there are methodological limitations to each of these measures, particu-
larly in terms of their ability to fully and accurately assess infants’ persistence.

In examining the frequency of target behavior, researchers are able to provide
a discrete count of how often a specific behavior of interest occurred. However, a
shortcoming of this approach is operationalizing how behaviors are parsed and
codified. That is, how do researchers compare an infant who produced a target
behavior once, but for a long period of time, to an infant who produced a target
behavior many times, but for short periods of time? The time infants spend on a
task is a common metric of persistence because it is quick and easy to code.
However, this measure often misses the richness and complexity that is associated
with infants’ actual behavior in the task. Two infants may spend the exact same
amount of time trying, but one infant may utilize a more adaptive strategy than the
other. In this scenario, if researchers had only examined the duration of trying time,
they would have overlooked an important dimension of infants’ behavior. Another
measurement type, experimenters’ rating of persistence, avoids some of these
pitfalls because it is a more global measure. In rating trying behavior, researchers
can take into consideration both the amount of time infants spent trying, as well as

Table 2 Range of Tasks Used to Measure Early Persistence

Task Example Papers

Cause and effect/Means-end toys Hauser-Cram (1996), Yarrow et al. (1982)

Puzzles or shape sorters Frankel and Bates ( 1990), Redding et al. (1988)

Standardized Assessments
(e.g., Bayley Scales of Infant
and Toddler Development)

Martin et al. (2013), Messer et al. (1986)

Questionnaire Sparks et al. (2012)

Tools or utensils Bober et al. (2001), McCarty et al. (1999)

Social interaction Golinkoff (1986), Lucca and Wilbourn (2019)
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the specific behaviors infants deployed while trying, in calculating their persistence
rating. Thus, researchers can also simultaneously integrate non-specific informa-
tion that can be difficult to quantify (e.g., affective responses, vocalizations).
However, this measure can be problematic in that it is inherently subjective
(potentially resulting in low inter-rater reliability). These drawbacks make it
difficult to standardize ratings within a study (e.g., to identify precisely the range
and nature of behaviors that are considered across participants and across different
raters), as well as across different studies. Parental report, another widely used
measure of persistence, can also provide a more global and representative
assessment of infants’ overall persistence. However, as with experimenter rating,
parental reports can be highly biased and vary greatly across participants.

A Multi-Faceted Approach to Studying Persistence

These examples highlight that persistence is a multi-faceted construct. Thus, to
fully understand early persistence, it is critical to utilize multiple measures that
provide a rich and detailed representation of persistence. For example, an infant
who is working hard while displaying positive affect may hold the expectation that
the task should be hard, and is therefore not frustrated, and be more persistent in
future endeavors. An infant who is working hard while displaying negative affect
may have expected the task to be easy, and when it wasn’t (i.e., when their
expectations were violated), grew upset. This infant may be quicker to give up
trying, and less likely to try in the future. This example highlights that using
multiple measures when examining persistence can provide important insights the
underlying processes driving the behavior, and may also be useful for predicting
future behavior.

Use of Automated Behavioral Analysis Techniques in Infancy
Research

Automated behavioral analysis techniques, such as automatedmeasures of force and
motion, can provide researchers with a powerful, additional tool to study persistence.
Thesemeasures have long been used in infancy research (Robin, Berthier, & Clifton,
1996; Thelen, Corbetta, & Spencer, 1996; Thelen, Ulrich, & Niles, 1987; Von
Hofsten & Rosander, 1997). Beginning in the 1980s and extending into the present
day, researchers have used automated behavioral analysis techniques to provide
novel insights into the development of difficult and complex motoric behaviors
during infancy (e.g., walking, kicking, motor coordination; Bril, Dupuy, Dietrich, &
Corbetta, 2015; Fetters, Sapir, Chen, Kubo, & Tronick, 2010; Snapp-Childs &
Corbetta, 2009). Automated measures of force and motion offer a powerful way to
study micro-level behaviors because they provide high-resolution, fine-grained, and
standardized measures of behavior. These techniques have led to critical scientific
breakthroughs in infant motor development. For example, in an experiment con-
ducted by Thelen et al. (1987), a 3D motion analysis of 7-month-olds’ leg move-
ments on a treadmill revealed that interlimb coordination is a core component of
infants’ motor ability that is not only present early in ontogeny, but is also already
quite established from the outset. More recently, these measures have been used to
investigate a suite of cognitive abilities: ranging from motor memory (Diedrich,
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Thelen, Smith, & Corbetta, 2000), to tool use abilities (Kahrs, Jung, & Lockman,
2014) to infants’ understanding of object affordances (e.g., use of force in
understanding weight perception; Kahrs, Jung, & Lockman, 2013; Lockman &
Kahrs, 2017). However, the field has yet to capitalize on these metrics to study more
complex and abstract psychological processes, such as advanced reasoning abilities
and metacognition, which are critical drivers of early persistence (Lucca &
Sommerville, 2018).

Automated Measures of Force and Motion Can Provide New
Insights Into Persistence

Here, we make the case that automated measures of force and motion, when used in
conjunction with the traditionally utilized measures outlined above, can more
precisely delineate the construct of persistence. Though there are many potential
tools that may enrich the study of persistence, here, we focus specifically on
automated measures of force and motion because (1) new computational and
technological advances make these automated measures more affordable and
accessible than ever before, (2) we recently started employing these measures
in our lab and have new insights to share, and (3) these measures focus on the
motoric aspects of behavior, the theme of this special issue.

Now is an exciting time for researchers to integrate these measures into the
study of infants’ persistence in particular because recent technological advances
have made them more adaptable to infant-based behavioral research. That is, they
are small enough to be implemented in infant tasks, and new developments in
markerless tracking makes 3D motion capture much more feasible for use with
infants – placing physical markers on infants, as was necessary with older 3D
motion tracking systems, is problematic because it is difficult to get markers in
place on infants, and once in place, they are often distracting and thereby disrupt
naturalistic behavior. And finally, the hardware required to measure force and
motion are less expensive and easier to purchase than when these measures were
first implemented in infancy research (e.g., they are available off the shelf through
Amazon as opposed to only through special vendors; see Supplemental Materials
[available online]). See Table 3 for an overview. Though these measures are
not completely novel, the case we present here is that they are new in their
application of studying infants’ persistence and the cognitive processes that drive it
(e.g., complex decision making, planning).

New Low-cost Depth Cameras Expand State-of-the-art 3D
Motion Capture

While 3-dimensional human motion has been acquired and analyzed for decades
(Aggarwal & Cai, 1999), recent developments in low-cost depth cameras, such as
the Intel RealSense and the Microsoft Kinect, extend high-precision 3D motion
capture beyond relatively complex and expensive multi-camera tracking systems
to more simplified and portable single device configurations. This allows re-
searchers to perform sophisticated motion analysis in non-specialized settings.
These new systems have high levels of accuracy (Carfagni et al., 2019) making
them useful for clinical applications involving metrics such as gait analysis (Bower
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et al., 2019; Clark, Mentiplay, Hough, & Pua, 2019). Increasingly, researchers in
human movement analysis are turning to these simplified, low-cost options to
expand the scope of clinical outcome measures and obtain data from patient
populations that would be unable to be assessed using a lab-installed system
(Siena, Byrom,Watts, & Breedon, 2018). Indeed, in one recent study, measures for
spasticity in patient movement obtained from a clinical standard Optitrack three-
dimensional motion analysis (3DMA) system were well-replicated by measures
taken from a singleMicrosoft Kinect 3D camera (Banky et al., 2019). These studies
indicate that single camera 3D motion capture technology has now matured to the
point that these cameras can be used to obtain high quality data as validated against
the standard clinical practice for 3D human motion analysis. Additionally, open
source software (such as that found at http://3dtracker.org/) now provides user
guides and pre-written code to run motion acquisition with these new 3D cameras.

Markerless Motion Capture

Markerless motion capture is at the forefront of human motion analysis (Colyer,
Evans, Cosker, & Salo, 2018; Insafutdinov, Pishchulin, Andres, Andriluka, &
Schiele, 2016) as well as comparative work across a variety of species (Mathis
et al., 2018). Markerless motion capture has many advantages over traditional,

Table 3 Description of Automated Force and Motion Measures

Measure Description Technical Specifications

Force To measure infants’ force, a force sensor
is embedded in a target location
(e.g., inside a toy). The force sensor is
connected to a computer which emits a
reading of force at .01 second intervals in
pounds per square inch (PSI). There are
open-source software programs avail-
able online that will read and store force
measurements (e.g., Micro-Measure-
ments MM01 MultiDAQ). In between
readings, it is important to zero out the
force reading so no residual force carries
over to the next trial and/or participant.

Hardware: Force sensor
Software: Micro-
Measurements MM01
MultiDAQ
Output: Force in pounds per
square inch

Motion Measurements of 3-dimensional move-
ment are acquired using a newly devel-
oped line of Intel RealSense depth
cameras (400 series). Through on-chip
algorithms for stereo-matching as well as
active infrared scanning (invisible to
humans) these cameras are capable
of dense 3-dimensional reconstruction
of the entire experimental setup and
participant. Both color video and depth
data are acquired at up at up to 90 frames
per second.

Hardware: Intel RealSense
400 series depth cameras
Software: Acquisition: Intel
RealSense open source soft-
ware development kit (SDK)
Data processing: Matlab
(Mathworks)
Output: XYZ coordinates of
motion.
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marker-based approaches, including the ability to unobtrusively monitor motion
frommore natural movements than those that may be possible with a marker-based
system. This technology has recently been adapted for use in videos from
8-17 week old infants to monitor for cerebral palsy (Marchi et al., 2019). However,
these advantages must be weighed against possible inaccuracies in motion
estimation as well as the difficulty of employing the software available to enact
these newly developed deep learning approaches.

A key question regarding markerless motion capture is whether one sacrifices
accuracy for experimental convenience by not using a marker-based system. In side-
by-side comparisons, modern approaches to markerless motion capture perform
relatively well (Schmitz et al., 2015); however, these approaches are often compu-
tationally intensive and require specialized analysis software (Colyer et al., 2018).

Adapting this technology can be aided by the large open source movement
behind it, including resource such as code available at Github software reposito-
ries, including user guides and test data (e.g., https://github.com/AlexEMG/
DeepLabCut). Although the software is freely available and can be run across
multiple operating systems (Nath et al., 2018), some key limitations remain. These
include the need to install specialized, open source software such as TensorFlow
(Abadi et al., 2016) and the Python 3 programming language as well as recom-
mendations to use modern GPUs in order to train the deep learning networks in a
reasonable amount of time (Mathis &Warren, 2018). Additionally, as for all deep-
learning based approaches, one must hand-annotate a small subset of data in order
to provide a training data set for the algorithm. With modern approaches, this
training data set has shrunk and strong performance across hours of video can be
obtained after hand-labeling only 100-200 frames of data (Mathis et al., 2018).

New Tools for Studying Persistence

Given that infants’ trying behaviors are most frequently manifested during motor
activity, automated measures of force and motion can provide valuable and
objective indices of infants’ trying behavior that have not previously been utilized,
thereby allowing researchers to assess infants’ persistence with higher accuracy
and resolution than ever before. By using these techniques, researchers can access
more quantifiable data for a construct that is otherwise difficult to measure. By
using automated measures of force and motion, researchers can go beyond binary
measures of infants’ trying behavior, to provide more rich, graded, and detailed
assessments of trying. In this way, these measures will provide a more nuanced
lens for understanding persistence, help researchers more precisely delineate the
construct of persistence, and reveal which features of early persistence are most
predictive of later learning outcomes

Using Automated Measures of Force and Motion
to Study Persistence: A Case Study

In what follows, we present a case study from our lab that highlights how
automated measures of force and motion can be used to better elucidate infants’
trying behaviors. In this study, we measured infants’ trying behavior by presenting
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them with an out-of-reach toy within a container that was only accessible by
pulling a rope attached to the container.1 The task was impossible, such that no
matter how hard they pulled the rope they could not get the toy (because,
unbeknownst to infants, the container housing the toy was glued to the table
top). We installed a force gauge inside the toy that measured the force infants
exerted in their pulling behavior, and we installed a 3Dmotion tracker system (Intel
RealSense depth camera; capabilities tested by Carfagni et al., 2019) in the room
that detected infants’ motion trajectory by following a predefined color in the
environment (here, we used a blue handle on the rope Figure 1). See the
Supplemental Materials [available online] for a full description of the hardware
and software used to generate, extract, and analyze this data.

The goal of our case study was to begin to elucidate three questions pertaining
to early persistence (Table 4): (1) to what extent is persistence distinct from other
closely related constructs? (2) to what degree do different dimensions of persis-
tence hang together? and (3) what is the predictive power of early persistence?

A key question in the literature on early persistence is whether persistence per
se is an independent construct worthy of study, or whether it is simply a feature of
other closely related constructs, such as temperament. The degree to which these
constructs overlap, or are distinct from each other, is an empirical question that can
be answered using automated measures of force and motion to study persistence.
For example, automated measures of force can help researchers identify whether
there are distinct profiles of trying behaviors, and whether these profiles map onto
traditional measures of temperament. It has been argued that two measures are
redundant if there is a high degree of overlap (i.e., correlation coefficient between
the two is above .70; Mcgillivray & White, 1993). Thus, if persistence and
temperament account for high degrees of shared variance, it is likely not worth
treating them separately.

Profiles of trying can be characterized by the degree of force infants apply
while trying, and how this behavior varies over time. Degrees of force can be
computed by calculating the magnitude of the maximum force (measured in
pounds per square inch) infants exerted during the task, and change in force over
time can be computed by examining the rate of change in force from the first to final

Figure 1 — Room set up and location of automated measures of force and motion.
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block of the trial and/or experiment. In the rope pulling example described above,
infants may be slow to warm up or cautious in their trying behavior, which would
be characterized by low levels of force combined with a constant or slow increase
in force over time. Infants may be characterized as active or feisty if they are erratic
and unpredictable in their trying profiles: these infants may grow easily upset and
demonstrate initially high levels of force, but dramatically decline their levels of
force across the duration of the experiment. Their individual tries may also be more
impulsive, and characterized by short bursts or yanks on the rope (characterized by
shorter peak durations).2 Infants who are easy or flexible may engage in more
adaptive trying behaviors; they may apply generally high levels of force, ramp up
their trying over time, and have longer peak durations, which are reflective of more
thoughtful, prolonged, and deliberate trying behaviors. See Figure 2 for examples.

Understanding whether persistence can explain additional variance in later
developmental outcomes, above and beyond temperament, is critical because
temperament is a relatively fixed trait (Strelau & Zawadzki, 1995), whereas
persistence may be more malleable and susceptible to influence from the social
environment (Grolnick et al., 1984; Leonard et al., 2017; Lucca et al., 2019).
Revealing the degree to which these constructs overlap also has the potential to

Table 4 Using Automated Measures of Force and Motion to
Elucidate Key Open Questions Surrounding Early Persistence

Question Approach Implications

To what extent is per-
sistence distinct from
other related constructs
(e.g., temperament)?

Test whether infants can be cat-
egorized into distinct profiles of
trying behaviors based on patterns
of trying force (e.g., magnitude
and timing of force), and examine
whether these profiles map on to
traditional measure of
temperament.

Delineating persistence as
a distinct construct from
temperament is critical
because it will provide
important insights into the
malleability of persistence,
as well as help inform
important debates about
related constructs
(e.g., grit) that emerge later
in development.

To what degree do
different dimensions
of persistence hang
together?

Assess whether there are high
degrees of overlap across differ-
ent automated measures of
behavior, such as force and
motion (e.g., is an infant who tries
hard, also one who is more likely
to try in more varied ways?).

By creating and classifying
infants into these different
force and motion ‘profiles’
we can learn more about
the nature of their trying
behavior as well as their
task representations.

What is the predictive
power of early
persistence?

Measure different features of
trying behaviors (e.g., latency of
deploy maximum effort, more
time persisting, more effortful
persisting) and examine which
feature is most predictive of later
learning outcomes.

This approach offers a
powerful new way to
predict later learning
outcomes, as it may more
accurately and robustly
capture infants’
persistence.
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provide important insights into the nature of related constructs later in life, such
as “grit”, which is often the subject of debate in terms of whether it is a
unique construct (that reflects perseverance and consistency of interests) or a
rebranding of personality traits (i.e., consciousness; for an overview see Credé
et al., 2017).

Another key question surrounding early persistence concerns the degree to
which different dimensions of trying behavior hang together. Automated measures
of force andmotion can help answer this question by examining the extent to which
there are high degrees of overlap across different types of trying behavior. To
measure this, infants can be classified into four different force-motion profiles that
vary along two dimensions: (1) how much force infants apply in their trying
behavior (with increased force representing more intense trying behavior), and
(2) howmuch spatial variability infants display while trying (with increased spatial
trajectories representing more varied, distinct modes of trying).3 Spatial variability
in trying behavior can be computed by calculating the degree of variability in
infants’ X, Y, and Z coordinates of movement (see Figure 3 for examples of high
vs. low degrees of spatial variability in trying behaviors). Infants who score high on
force and motion engage in the highest levels of targeted trying behavior, and

Figure 2 — Infants’ trying force, measured in pounds per square inch, mapped over time.
The top graph (A) is time-course data from a single infant who exhibited low levels of trying
across three trials of an experiment, the bottom graph (B) is time-course data from a single
infant who exhibited high levels of trying across the three trials of the experiment.
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deployed the most diverse strategies, as demonstrated by heightened force applied
from distinct angles. Infants who score high on force but low on motion also
engage in targeted trying, but tend to stick to a single trying strategy; as their low
spatial variability indicates they were not trying in multiple distinct ways. Infants
who score low on force, but high in motion can be classified as more exploratory in
their actions. These infants may be trying, but in a way that is more exploratory and
investigative than infants who are applying high levels of force, or in a way that is
perseverative in nature (Diedrich et al., 2000). And finally, infants who score low
on force and motion may simply be disinterested in the task at hand. By creating
and classifying infants into these different force and motion ‘profiles’ we can learn
more about the degree to which different dimensions of trying hang together. This
approach can be utilized across the lifespan as the complexity of persistence
deepens: for example, it can be used to measure the degree to which different
dimensions of persistence (cognitive persistence vs. motor persistence) overlap or
are distinct.

A final critical open question in the literature surrounds the precise predictive
power of early persistence. That is, which features of early persistence are most
predictive of later learning outcomes? One possibility is that sheer persistence
is most predictive of later learning outcomes; infants who try for longer when
given a difficult to solve task will have better learning outcomes than infants who
tend to persist less. An alternative possibility is that the degree to which infants
engage in deliberate and planned persistence is the most powerful predictor of
later learning outcomes. Automated measures of force can disentangle these
possibilities. For example, automated measures of force can provide precise
information about infants’ latency to exert their highest levels of physical effort. A
slower latency to exert one’s maximum effort may be more reflective of deliberate
and cognitively complex trying acts. This delay-to-act has been seen in other more
basic motoric behaviors during infancy: as early as 10 months, infants are slower
to perform an action that requires more precision and control than one that is easier
to execute (i.e., fitting a ball down a tube vs. throwing a ball; Claxton, Keen, &
McCarty, 2003). This delay-to-act reflects a sophisticated and deliberate planning
process that is driven by the complexity of the physical act. Whether infants
demonstrate this level of sophistication in their motor planning as a function of
their representations of a task difficulty—as opposed to sheer difficulty—can be
examined through infants’ persistence. For instance, in the rope-pulling example
provided above, all infants are faced with an impossible task to solve. However,
some infants have evidence that the task should be difficult, whereas others have
evidence that the task should be easy.When infants expect the task to be hard, they
are slower to apply their maximum physical force on the task than when they
expect the task to be easy, in which case they are quicker to exert their maximum
force. This example highlights that infants engage in sophisticated levels of
planning that go one step further than simply reasoning about the concrete,
physical features of a task. Rather, infants engage in a high-level, sophisticated
planning process that is driven by their abstract representations of a task’s
difficulty. What’s more, researchers can use this information to predict infants’
later persistence to determine which features of early persistence (e.g., more
planning, more time persisting, more effortful persisting) are most predictive of
later learning outcomes.
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The Utility of Automated Force and Motion Measures Across
Ages, Contexts, and Species

Automated measures of force and motion provide particular promise in moving
developmental researchers beyond binary outcomes since they provide graded,
fine-grained, continuous information about infants’ preferences, or how much they
know about something. For example, experiments designed to probe the nature of
infants’ social preferences will measure whether infants prefer one agent (e.g., a
prosocial agent) over another (e.g., antisocial) agent (Hamlin, Wynn, & Bloom,
2007). Automated measures of force and motion can be leveraged here to provide
additional information about the strength of infants’ preferences, or their rank
ordering of different agents along a continuum of prosociality. Infants could be
presented with agents of varying levels of prosociality, and researchers could
measure whether the degree to which infants exert physical effort in the service of
interacting with those agents (e.g., the amount of force they will exert to obtain an
agent who is stuck to a board) increases as a function of the prosociality of the
agent, to provide richer information about the nature of infants’ preferences.

In addition to providing new insights across domains of higher-order reasoning,
these measures are ideally suited for conducting comparative research because they
can be applied across diverse contexts, species, and ages. Researchers can use these
measures to answer questions about age-related changes in different abilities, since
these metrics translate well across ages. Moreover, these measures can also be used to
conduct cross-species comparisons. Precise motion tracking can be used to examine
cross-species differences in social behavior (Matsumoto et al., 2013), decision-making
and navigation strategies (Ben-shaul, 2017; Matsumoto, Uehara, Urakawa, &
Takamura, 2014; Nakamura et al., 2016), including how different species make sense
of complex information to decide when and how to act (e.g., combining odor
information with wind information to localize a new food source; Baker et al.,
2018; Gire, Kapoor, Arrighi-Allisan, Seminara, & Murthy, 2016). Additionally, these
metrics can be combined with computational modeling to discover fine-scale organi-
zation of behavior that eludes observer-based scoringmethods (Wiltschko et al., 2015).

Finally, recent advances in computer vision using deep convolutional neural
networks have resulted in a watershed moment for complex motion analysis across
species. These approaches now support automated human pose analysis across
multiple subjects at once (e.g., identifying distinct body parts across groups of
individuals; Insafutdinov et al., 2016) as well as more user-friendly implementations
for use across species in the lab (Mathis et al., 2018). Since these techniques use 2D
images as input, they can be used with the color images generated by cameras such
as the RealSense. This 2D segmentation could then be mapped onto the simulta-
neously acquired depth image to provide automated 3D pose estimation with limited
changes to existing algorithmic approaches. Supporting this approach for automated
3D pose estimation, current state-of-the-art developments in this area are based on
open-source software and can thus be adapted to specific use cases.

Challenges and Potential Hurdles

With all of the advantages of using these measures, there also come some
drawbacks. First, there is a steeper learning curve if you are not familiar with
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the technology. While automated measures of force are relatively easy to imple-
ment and extract data from, automated measures of motion are drastically more
involved in that they require more intensive programming to extract and process
data. Though once familiar with these methods, implementation is fast and easy
since the data extraction process can be automated, as opposed to relying on human
coders. Second, depending on what is being measured, it is important that these
metrics are integrated with other metrics (e.g., human observation coding). For
example, in the rope-pulling example highlighted above, a child may have high
degrees of spatial variability and strong force metrics, but if they perform these
actions in the service of simply playing with the rope (as opposed to goal-directed
pulling to obtain the out-of-reach toy) they would not be meaningful. Thus, we
recommend that these tools be used in conjunction with other well-validated
measures of infant behavior.

Summary and Conclusions

In sum, we have argued for taking into account a battery of measures when
measuring infants’ behaviors. Specifically, we’ve reviewed two tools that will be
useful to add to the battery of measures that researchers use to study persistence:
automated measures of force and automated measures of motion. The clear
advantages that stem from using these measures include: increased ability to
clearly quantify variables of interest that are often difficult (or impossible) to
measure via direct observation, and though there might be a steep learning curve
involved in initially using these measures, they are efficient data collection tools
once they are up and running. These measures provide promise not only for further
elucidating early persistence and individual differences in developmental change,
but they can also be used to study persistence on a larger timescale and across
species, and provide creative new insights into other domains of learning as well.

Notes

1. The participants described here are from a larger study investigating infants’ social cognitive
development (Lucca, Horton, & Sommerville, n.d.). We received institutional approval to
conduct this research, and the informed consent was provided by infants’ caregivers to participate
in this study and have their images shared.

2. A “peak” in raw data can be extracted using the peaks function of the IDPmisc package in R
(Locher & Ruckstuhl, 2012). A default minimum peak height is set by the function as 1/10th of
the maximum peak for a given individual trial. To eliminate peaks detected by sheer noise, we set
a minimum peak threshold using the following parameters: in a given peak, force must last longer
at least 300 ms and reach a minimum of .5 pounds per square inch.

3. These profiles can be generated with the following steps. Once force and motion data are
collected, infants can be classified in one of these four categories through a k means cluster
analysis. Infants’ standardized force score (a composite of the force metrics described above,
i.e., maximum force applied, number of peaks, average width of peaks, time spent applying force)
and standardized spatial variability score (the degree of spatial variability displayed across the
duration of the experiment) can be entered into the analysis. Once infants are classified into one
of the four clusters, a multinomial regression can be used to test whether a factor of interest
(e.g., experimental condition) can predict group membership.
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