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Abstract 
 
Young word learners are faced with the immensely difficult task of determining the meaning of 

thousands of new words based on ambiguous input. How do children learn word meanings given 

limited and incomplete information? One way that children might confront this task is by 

intervening in their environment in ways that support learning. Throughout development, 

children are more than simply passive absorbers of information – they actively construct their 

own learning environment. This ability could have important consequences for how children 

simplify the problem of learning new word meanings. We present the results from four studies 

investigating how infants and children seek out new information during word learning. Chapter 2 

presents evidence from children (3-8 years of age) and adults that learners will systematically 

seek to reduce ambiguity about novel object-label associations. In chapter 3, we find that 

children (3-5 years of age) are motivated to sample more informative object-label associations 

and make selections that are tuned to their past experience. In chapters 4 and 5, we present the 

results from two lines of work asking whether even infants (aged 17 to 21 months) 

systematically sample information about novel words. In order to study infants’ sampling 

behavior during a novel word learning task, we developed novel gaze-contingent eye-tracking 

methods that allowed infants to trigger labeling events on a screen. Preliminary findings from 

these studies provide mixed or inconclusive evidence regarding infants’ early information-

seeking strategies. In general, we find evidence that children systematically select words that 

support gaining new information, and that the tendency to reduce ambiguity during word 

learning becomes more robust over development. 

Keywords: active learning; word learning; language development; self-directed learning; 

sampling; cross-situational word learning  
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Chapter 1: Children as active word learners 

1. Active learning 

1.1. Plato’s touchscreen 

Let’s start with a dark, dystopian thought experiment. Consider two children whose only 

exposure to the world is through a screen.1 Perhaps this could be something like Plato’s cave, 

with representations of the screen appearing in front of the child on a cave wall (Plato, 1997).2 

The images that flit across the screen are the entirety of these children’s input. While children are 

provided with rich visual input from the outside world, they have no ability to control or 

manipulate this visual experience: they are purely passive observers of the visual world. Now, 

imagine that instead of those images being simply passively absorbed, the child could actively 

control elements on the screen – the screen interactively responds to the child’s gaze, attention, 

gestures, and motor movements. As images appear, children can focus on different distinct 

entities and interact with them however they choose. As they reach out and touch them, events 

on the screen respond contingently to the child’s selections. When they select a dog-like image, 

the word “dog” plays from the screen. When they move their attention to a penguin image, the 

penguin responds by flapping its wings and the child hears the word “penguin”. The world the 

child experiences comes alive in response to their actions. Intuitively, the child who is able to 

interactively engage with the visual input on screen in this manner would have far richer learning 

experiences. 

 
1 While there is a rich tradition within psychology and philosophy of mind of framing questions through thought 
experiments, developmental psychologists have developed a reputation as having perhaps some of the more ethically 
dubious flights of imagination (see e.g., https://www.smbc-comics.com/comic/2014-05-08). I consider this thought 
experiment as engaging with this intellectual heritage. 
2 Of course, Plato’s allegory of the cave is an analogy devised to broach different questions - fundamental questions 
on human nature, epistemology, and the organization of political life, questions that far outstrip the ambitions of the 
questions raised here. I only wish to invoke Plato’s cave here in the spirit of conjuring an image in the reader’s 
mind. 
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While this thought experiment, thankfully, does not make direct contact with realistic 

learning scenarios (though see e.g., Held & Hein, 1963), it clarifies an important aspect of 

infants’ and children’s experience. Children actively engage with their environment from an 

early age and are invariably in an environment where that engagement will lead to informative 

experiences. From the causal contingencies of physical objects – pressing a button leads it to 

light up, hitting a ball makes it roll – to a variety of social and linguistic contingencies – reaching 

for your parent makes them pick you up, holding a toy leads your parent to name that toy –, 

acting on the world leads to a host of learning opportunities for children.  

The idea that children’s self-directed engagement with their environment has a central 

role to play in development has a long and varied tradition in cognitive developmental theory 

(Bruner, 1961; Piaget, 1955; Vygotsky, 1978). More recently, this general notion has been taken 

up in theoretical ideas arguing that curiosity (Gottlieb, Oudeyer, Lopes, & Baranes, 2013; Kidd 

& Hayden, 2015; Oudeyer & Smith, 2016) and hypothesis-testing (Gopnik & Wellman, 2012; 

Schulz & Bonawitz, 2007) drive development. One common underlying theme is that children 

are self-directed learners, in the sense that they can exert control over their learning input 

(Gureckis & Markant, 2012). One need not appeal to a version of Plato’s cave, updated for the 

touchscreen era, to find infants actively manipulating their environment in ways somewhat 

analogous to the scenario described above. As a simple example, imagine an infant being read to 

by their parent. At a pause in the story, the infant points to the picture of an owl on the page, 

causing the parent to label the animal ‘owl’. In this scenario, the infant has exerted control over 

their learning environment by eliciting information from their caregiver. Parent-child dynamics 

such as these, and information-seeking behaviors more generally, likely have a pervasive effect 

on the structure of children’s learning environment (Smith, Jayaraman, Clerkin, & Yu, 2018). 
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The goal of this dissertation is to examine how children collect new information when 

encountering new words. If children are active word learners, what kind of active learners are 

they, and why? 

1.2. What is active learning? 

 What makes learning “active”? In a recent book bringing together research on active 

learning from many different domains in development, Ganea and Saylor (2018) introduce active 

learning as goal-directed information-seeking: 

Active learning is characterized by a goal directed search for information. At its base, 

active learning involves the ability to identify gaps in one’s knowledge, skills for seeking 

the missing information and the inclination to do so. (Saylor & Ganea, 2018: p. 4) 

This definition has two aspects that I would like to slightly tweak for the purposes of this 

dissertation. First, requiring active learners to be able to identify knowledge gaps seems to set 

metacognitive reasoning skills as a prerequisite for active learning. I will not treat identifying 

gaps in knowledge as a prerequisite for active learning, instead embracing a broader sense of 

information-seeking3 that aims to establish continuities between infant and child learning. 

However, the interpretation of many of the experiments in the following chapters will assume 

that infants have access to at least some metric that tracks their uncertainty about different 

stimuli, for example (see also chapter 6 for a broader discussion of the development of meta-

cognitive reasoning and its relationship to active learning).  

Second, active learning is usually thought to be a goal-directed process. A crucial part of 

this definition is that a child is not only seeking out new information, but is seeking out new 

 
3I will use terms such as “information-seeking” and “information sampling” somewhat interchangeably throughout. 
The process of collecting new information can be usefully – and somewhat a-theoretically – conceptualized as a 
sampling from the environment (Fiedler, 2000; Fielder, 2008). 
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information in the service of achieving some goal (for instance, learning a new word or 

discovering a new property about a newly encountered animal). However, most, if not all, 

behaviors can be construed as goal-directed, given a broad enough interpretation of what the goal 

of some action might be. Even seemingly random behaviors can be construed as goal-directed – 

the goal here might be “generating novel or varying perceptual events”. A key aspect in 

understanding different information-seeking strategies thus lies in characterizing the kinds of 

goals infants and children might pursue while actively seeking information. In the present work, 

our particular focus will lie on information-seeking in the service of learning. However, for 

present purposes, I will remain agnostic about whether and when learners are explicitly 

representing their goal as reducing uncertainty or improving learning when sampling new 

information. 

2. Information-seeking in infants and children  

2.1. Infant looking preferences and the Goldilocks effect 

Much work in cognitive development relies on methods that show infants’ discrimination 

of novel and familiar stimuli. The traditional view of infant looking times is that they are 

reactions to visual or auditory experience, which may be driven by exogenous factors (e.g., how 

salient a stimulus is) or endogenous factors (e.g., how robustly a stimulus is encoded in memory) 

(Aslin, 2014). More recently, infant looking behavior has begun to be re-conceptualized as a 

more active process (Kidd & Hayden, 2015; Kidd, Piantadosi, & Aslin, 2012). On this model, 

infants’ looking behavior may reflect an active attempt to sample information from the 

environment (Carvalho, Vales, Fausey, & Smith, 2018).  

A key result in understanding infants’ gaze behavior as a more active process is the so-

called Goldilocks effect (Kidd et al., 2012; Kidd, Piantadosi, & Aslin, 2014). Both in the visual 
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and in the auditory domain, infants appear to prefer events that are ‘just-right’ in terms of their 

predictability: neither perfectly predictable nor completely unpredictable. Piaget (1952) 

hypothesized that “the subject looks neither at what is too familiar, because he is in a way 

surfeited with it, nor at what is too new, because this does not correspond to anything in his 

[schemes]” (p. 68). This idea connects with a broad finding from the curiosity literature showing 

that infants and adults demonstrate a U-shaped pattern of effort in seeking to explore novel, 

complex stimuli events and stimuli (Berlyne, 1966; Brennan, Ames, & Moore, 1966; Kidd & 

Hayden, 2015). For instance, in Kidd et al. (2012), infants viewed objects disappearing and 

reappearing behind a screen. By varying how predictable the pattern of reappearance of an object 

was from behind a particular screen, Kidd et al. obtained a measure of a given event’s 

predictability or complexity. As an example, if an object can appear from behind one of two 

screens, an extremely predictable event is one in which an object appears from behind screen 1 

after having appeared repeatedly from screen 1 on previous events (e.g., creating the sequence 1–

1–1–1). On the other end of the continuum, if an object suddenly appears from behind screen 2 

after having only appeared from behind screen 1 (i.e., the sequence 1–1–1–2), then the event is 

much more surprising. An event can also lie in between these two extremes, creating a pattern 

that has some variability, but is also somewhat predictable (e.g., 1–2–1–2). Crucially, in Kidd et 

al. (2012), the predictability or complexity of a particular event within a pattern influenced how 

long infants would continue to watch the event sequence. Infants showed a U-curve preference, 

with infants looking longest to patterns that were neither too predictable nor too unpredictable 

(i.e., events such as 1-2-1-2 in the example above). This U-shaped curve held for every 

individual infant, not just for the group of participants overall (Piantadosi, Kidd, & Aslin, 2014). 
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Why might infants – and learners more generally – look longer to events that have 

intermediate complexity? In conceptualizing infants’ looking as an active sampling process, 

curiosity researchers suggest that this effect results from infants being drawn to reduce 

uncertainty about upcoming events (Henderson, 2017; Itti & Baldi, 2006; Kidd & Hayden, 

2015). Infants can easily form predictions about low complexity events, and therefore have little 

need to reduce uncertainty about what will happen next. It is also difficult to reduce uncertainty 

about high complexity events because upcoming events remain unpredictable. Events with 

intermediate complexity, on the other hand, may allow for the greatest amount of uncertainty 

reduction. However, the findings from infant looking time studies such as these allow for 

alternative explanations that do not appeal to uncertainty. For instance, it is possible that the 

attentional pattern is explained by some other low-level principle, such as a more general arousal 

principle, that leads infants to maintain a constant level of intermediate arousal. What other 

evidence is there that infants and children actively seek information to reduce uncertainty about 

the world around them? 

2.2. Seeking new information to reduce uncertainty and ambiguity 

Compelling evidence for information-seeking in infants comes from studies that ask how 

infants respond to surprising events. In one set of studies (Stahl & Feigenson, 2015), 11-month-

old infants were shown events that either conformed to their expectations about the world or did 

not. For instance, an object was pushed off of a small cliff and either fell to the ground 

(knowledge-consistent event) or appeared to remain hovering in the air (knowledge-inconsistent 

event). Infants subsequently mapped a novel property to an object better if the object was 

involved in a knowledge-inconsistent event than if the object was involved in a knowledge-

consistent event. Most interesting were the patterns of behavior infants showed in interacting 
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with the objects after knowledge-consistent or knowledge-inconsistent events. When infants 

were given the chance to explore the objects they had just seen, they not only spent more time 

investigating objects involved in knowledge-inconsistent events - they also generated new 

information that could help explain the events they had just experienced. For instance, if an 

object had previously hovered in the air rather than falling to the ground, infants were more 

likely to repeatedly drop the object, apparently testing the previously observed hovering 

property. This study demonstrates that infants even at a young age actively seek out new 

information that can aid in explaining surprising events. 

As children grow older, recent research suggests that they will actively structure their 

play in a way that is well-suited to gaining new information and reducing uncertainty (Cook, 

Goodman, & Schulz, 2011; Denison, Bonawitz, Gopnik, & Griffiths, 2013; Schulz, Gopnik, & 

Glymour, 2007; van Schijndel, Visser, van Bers, & Raijmakers, 2014). Two factors that can lead 

children to seek new information are experiencing inconsistent evidence and ambiguous or 

confounded evidence.  

Research on causal learning suggests that preschool children are motivated to explain and 

explore novel events that are inconsistent with past experience (Legare, 2012; Legare, Gelman, 

& Wellman, 2010). In one study (Legare, 2012), children were exposed to “blicket detectors”, 

simple boxes that lit up whenever a novel object (labeled a “blicket”) was placed on it. Children 

were subsequently exposed to events in which objects previously observed to be “blickets” and 

“non-blickets” both did not trigger the box to light up. Children were motivated to explore and 

generate hypotheses about the “blicket” object that failed to light up the box, i.e. the event that 

was inconsistent with past experience in the experiment, rather than other events that were 

consistent with past evidence. 
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Preschool children are also motivated to investigate events that provide ambiguous 

evidence (Cook et al., 2011; Schulz & Bonawitz, 2007). For instance, in one study (Schulz & 

Bonawitz, 2007), a child and an experimenter first played with a toy with two levers that made 

two different puppets pop up. In one condition, the confounded condition, the two levers were 

always pressed together, causing both puppets to pop up simultaneously, so that children 

received no information about what each lever’s role was in the puppets appearing. In other 

conditions, the causal role of the levers was de-confounded such that children could infer that 

each lever caused a different puppet to appear. After this initial play phase, a novel toy was 

revealed, and children were left alone to play with either the old toy or the new one. Children in 

the confounded condition preferred to continue playing with the old toy, while children in 

conditions in which there was no uncertainty about the causal structure of the old toy chose to 

spend more time playing with the newly introduced toy.  

Together these findings suggest that preschool children and even infants spontaneously 

seek more information when there is higher uncertainty regarding the underlying causal structure 

of previously experienced events. Children are active information- and explanation-seekers, 

often targeting information that is helpful in reducing uncertainty about inconsistent or 

ambiguous past events. 

3. Seeking new information about words 

3.1. Children as active participants in word-learning processes 

 The notion that children are active participants in their word learning has a rich history in 

theories of language development. One prominent advocate for the importance of infants’ 

intrinsic curiosity and motivations in word learning is Lois Bloom (L. Bloom, 2000a, 2000b; L. 

Bloom, Margulis, Tinker, & Fujita, 1996; L. Bloom, Tinker, & Scholnick, 2001). Bloom 
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memorably argued that children’s motivations and intentions play a crucial role in how the word 

learning events are constructed in a commentary in an edited volume collecting different theories 

of early word learning: 

I cannot help but note that I am the only one represented in this volume who listens to 

children learning to talk—who actively watches children's spontaneous acts of expression 

and interpretation as opposed to observing their responses to manipulations of word-

learning events in an experiment. Children's spontaneous behaviors have by and large been 

ignored or, even worse, dismissed. But, I suggest, with all due respect, that we ignore 

children's spontaneous behaviors—what they do in the everyday events of their lives—at 

the peril of the theories that we construct to explain those behaviors. What children do in 

their activities of daily living has everything to do with learning words. Children do not 

just wait around for other people to construct the word-learning scenario for them. 

Not on your life. Instead, they create the word-learning process themselves. The words 

they learn are words they want to learn, the words they need to learn. They are the 

words that are relevant to what they have in mind. (Bloom, 2000b: p. 165; emphasis in 

bold mine) 

This view of the children’s early word learning foregrounds children’s active participation in 

the word learning process. If children are active word learners, what does past research tell us 

about when and how children seek information about new words? 

Past research has documented how endogenous attentional factors shape how infants and 

toddlers encode and track new word meanings. For example, one line of work has documented 

how object salience (roughly defined as the degree to which an object captures children’s 

attention in a given context) and object novelty affect children’s word learning. Children will 



 10 

typically map novel words to the most salient object in a given context (Samuelson & Smith, 

1998). Similarly, children tend to map new words to novel objects (Markman & Wachtel, 1988) 

and are biased towards choosing novel objects when selecting the referent of novel words (Horst, 

Samuelson, Kucker, & McMurray, 2011). A classic result is that when children are presented 

with a new label in the context of a familiar object (e.g., a cup) and a novel object, children (and 

adults) will tend to map the new word to the new object (Halberda, 2006; Lewis, Cristiano, Lake, 

Kwan, & Frank, 2020), a phenomenon typically referred to as mutual exclusivity (Markman & 

Wachtel, 1988). Salience and novelty also interact in complex ways during children’s word 

learning. In one study, the degree to which children successfully mapped a new word to a novel 

object in a mutual exclusivity task was shown to depend on the salience of the familiar 

competitor items (Pomper & Saffran, 2019). When children experienced a new word and object 

together with a highly salient, familiar object (such as a cat), they were less successful at 

associating the novel word with the novel object than if the novel object occurred together with a 

familiar object with low salience (such as a box), in part because they were slower to attend to 

the novel object in the presence of an attention-capturing item. The degree to which children are 

motivated to attend to different objects in their environment, e.g. due to their salience or novelty, 

has consequences for how they learn new words. 

3.2. Pointing as a window into early information-seeking about words 

While many studies have investigated how factors that shift children’s attention to 

different objects shape learning, less is known about what influences whether and how children 

seek information about novel objects and their labels. One prominent avenue for approaching 

this question is through children’s early pointing behavior. Children’s gesture has an important 

role in the development of language (Goldin-Meadow, 2007; Goldin-Meadow & Alibali, 2013), 
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with some researchers describing pointing as the “royal road” to language (Butterworth, 2003). 

Early pointing behavior is a powerful predictor of later language ability: infants’ gesture 

behavior at 14 months is a strong predictor of later vocabulary size at 3 and 4 years of age, over 

and above other predictors such as children’s and parent’s word use at 14 months (Rowe & 

Goldin-Meadow, 2009; Rowe, Özçalişkan, & Goldin-Meadow, 2008). One reason why 

children’s pointing relates to language learning is that pointing creates particularly informative 

learning instances. Caregivers often provide contingent, follow-in labeling responses in reaction 

to infants’ pointing (Gros-Louis & Wu, 2012; Wu & Gros-Louis, 2014). Thus, pointing can be 

construed as a potentially powerful tool for infants to elicit labeling information. 

Growing evidence suggests that pointing serves an epistemic or interrogative function in 

infancy, allowing infants to strategically seek new information about objects and their labels 

(Begus & Southgate, 2012; Kovács, Tauzin, Téglás, Gergely, & Csibra, 2014). For instance, 

when 16-month-old infants interact with an experimenter who correctly labels familiar objects 

and expresses certainty in labeling objects, they are more likely to point to novel objects than 

when interacting with an uncertain, less knowledgeable experimenter (Begus & Southgate, 

2012). By 18 months, infants’ pointing behavior appears to be – at least in some contexts -

targeted towards obtaining label information about novel objects: in one study, 18-month-olds 

were less likely to continue pointing to a novel object after hearing a label, while infants’ 

reaching behavior was not differentially affected by whether or not objects were labeled (Lucca 

& Wilbourn, 2018b).  

Infants’ pointing also has consequences for how well they learn new information about 

the objects they direct their behavior toward. Infants at 18 months learn novel labels for objects 

better after pointing towards them than after referencing them in other ways, such as reaching 
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towards them (Lucca & Wilbourn, 2018a). This comports well with results from other studies 

demonstrating that 16-month-old infants remembered actions performed on a novel object better 

if they learned about an object they pointed towards during a selection phase than if they learned 

about an object they had not selected (Begus, Gliga, & Southgate, 2014). Together, these results 

suggest that between the ages of one and two, infants are motivated to hear labels for novel 

objects, often using pointing to specifically elicit labeling information, and that their 

information-seeking behavior supports the encoding of the labels and functions of novel objects.  

3.3. Early question-asking behavior 

Children’s information-seeking and curiosity becomes more salient as they grow older 

and begin to ask increasingly targeted questions about the world around them, in particular about 

the objects and categories they encounter (Chouinard, 2007; Jiminez, Sun, & Saylor, 2018; 

Legare, Mills, Souza, Plummer, & Yasskin, 2013; Mills, Legare, Grant, & Landrum, 2011; 

Nelson, Divjak, Gudmundsdottir, Martignon, & Meder, 2014; Ruggeri & Lombrozo, 2015). 

Research based on corpus and diary studies estimates that preschool children ask an average of 

77 information-seeking questions per hour when actively engaged with an adult (Chouinard, 

2007), though the tendency to ask information-seeking questions is likely to vary considerably 

between individuals (Jiminez et al., 2018; Kurkul & Corriveau, 2018). One notable fact about 

children’s early question-asking is that they frequently formulate questions requesting labels 

(e.g., “What’s that?”) or questions attempting to constrain the meaning of words (e.g., “What’s a 

jack-o-lantern?”). These types of queries are the most frequent type of questions that children ask 

between the age of 18 months (around 60% of children’s questions) and 3 years of age (around 

20% of children’s questions) as estimated from the CHILDES corpus, and continue to account 

for 12%-24% of children’s questions as they approach the age of 5 (Chouinard, 2007; Jiminez et 
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al., 2018). As children grow older and gain the ability to ask explicit questions about the world 

around them, they appear to use this ability to actively learn about new words. 

3.4. Implications of active information-seeking strategies for early word learning 

While these studies document that infants and children actively seek out information 

about new words, there remain fundamental questions about how children go about sampling 

new word meanings, and what motivates children’s information-seeking in general (Coenen, 

Nelson, & Gureckis, 2019). What kinds of sampling patterns do infants and children show when 

they actively seek out information about words? Why do children seek out new information 

about words? And how do these sampling behaviors relate to later learning? Answering these 

fundamental questions about what type of information infants and children are motivated to seek 

has the potential to speak to more general questions about the relationship between children’s 

early information-seeking behavior and later language development. 

These questions are particularly important when considering that children must learn the 

meanings of words despite inherent ambiguity in any word learning situation (Quine, 1960). 

Children often encounter new words in complex social interactions surrounded by novel objects 

and events that offer many potential meanings and referents for novel words (Clerkin, Hart, 

Rehg, Yu, & Smith, 2017; Medina, Snedeker, Trueswell, & Gleitman, 2011; Smith et al., 2018). 

While children are well-equipped with statistical learning skills (Smith & Yu, 2008; Suanda, 

Mugwanya, & Namy, 2014) and social-cognitive abilities (Frank, Goodman, & Tenenbaum, 

2009; Frank, Tenenbaum, & Fernald, 2013; Shafto, Goodman, & Frank, 2012; Tomasello & 

Akhtar, 1995; Tomasello, Carpenter, Call, Behne, & Moll, 2005; Yurovsky & Frank, 2017) to 

aid in confronting the complexity of the word learning task, children’s ability to actively 
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intervene on and structure their word learning environment may have a central role to play in 

explaining why children are such successful word learners (Smith et al., 2018). 

Computational analyses suggest that self-directed sampling can vastly simplify the task 

of learning new words and categories under uncertainty, so long as learners employ strategies 

that increase the frequency of learning about word meanings that have higher uncertainty or are 

more ambiguous (Hidaka, Torii, & Kachergis, 2017; Oudeyer, Kachergis, & Schueller, 2019; 

Settles, 2012). For example, in one computational model of fast-mapping object-label 

associations (Hidaka, Torii, & Kachergis, 2017), successfully learning an adult-sized vocabulary 

(around 60,000 words) required an unrealistic number of sampling trials when learning events 

were assumed to be drawn randomly from a Zipfian word distribution. However, when the model 

implemented an active learner who preferentially selected less frequently encountered object-

label associations, learning was sped up by several orders of magnitude. Other computational 

models have implemented active word learning in terms of curiosity mechanisms that 

preferentially sample objects that are expected to lead to the largest increases in accuracy 

(Twomey & Westermann, 2017). Sampling learning events based on this active selection 

mechanism leads to large increases in word learning speed and accuracy compared to randomly 

selected learning events, e.g. when learning to map labels to objects in visual scenes (Keijser, 

Gelderloos, & Alishahi, 2019). An intriguing result from these simulations is that active 

sampling mechanisms not only increase eventual accuracy, but also lead to more consistent or 

robust outcomes across simulations compared to simulations where learning events are selected 

randomly. These analyses suggest that at least in principle, active sampling mechanisms that 

make selections based on potential learning gain or uncertainty reduction significantly speed up 

and simplify the problem of tracking object-label associations for the learner. 
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Being an “active” word learner thus has the potential to substantially ease the complex 

task of learning word meanings under uncertainty. The central question then becomes – to what 

degree do infants and young children actively seek new information about words, and what types 

of sampling strategies do they exhibit when learning new words under uncertainty? Do children 

preferentially construct more informative word learning events, in a similar manner to the 

selection mechanisms implemented in computational models of active word learning? 

4. The present work 

 The present work asks how infants and children sample information about words and 

what consequences their sampling strategies have for learning. In chapter 2, we present a series 

of experiments testing whether children and adults will attempt to disambiguate word meanings 

when presented with ambiguous word learning situations. If learners encounter confounded or 

ambiguous evidence about which object a novel word refers to, a particularly powerful learning 

strategy would be to construct learning events that disambiguate confounding evidence. Across 

four experiments, we test whether both adult and child learners (3 – 8 years of age) are motivated 

to sample disambiguating evidence when learning novel object-label associations. Next, chapter 

3 investigates the effects of children’s ability to actively control their word learning experience 

on subsequent learning by comparing children’s learning performance in an “active” condition in 

which they choose which words to learn to “passive” conditions in which participants cannot 

control their learning experience. The guiding questions are whether children sample more 

informative object-label associations, and whether their sampling strategies promote better word 

learning. In Chapters 4 and 5, we ask whether even infants systematically seek information as 

they encounter new words. We present studies with infants between 17 and 21 months of age 

investigating whether infants are sensitive to the potential informativeness of different word 
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learning events. In both studies, infants’ experience with novel object-label associations is first 

manipulated in a training phase, such that hearing one set of object-label associations becomes 

potentially more informative than hearing the other. In the studies in Chapter 4, we manipulate 

the past frequency of infants’ experience with different object-label associations, while in 

Chapter 5, we manipulate the consistency with which infants have experienced particular object-

label associations. Both studies employ novel gaze-contingent methods that allow infants to 

control their subsequent learning experience by triggering different events on the screen. 

Together, these studies present initial forays into understanding how infants and children sample 

word learning events when they can exert control over their learning curriculum, and what their 

sampling behavior might mean for how new words are learned. 
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Chapter 2: Sampling to reduce ambiguity during cross-situational word learning 

Why do we seek out new information during learning? One proposal is that information-

seeking behavior is driven by uncertainty reduction (e.g., Kidd & Hayden, 2015). A variety of 

studies have demonstrated that – at least in some contexts - children may be motivated to gather 

information to reduce uncertainty after ambiguous or surprising events (Schulz & Bonawitz, 

2007; Stahl & Feigenson, 2015). For instance, infants and children may preferentially seek out 

information from social partners when they are more uncertain (Goupil, Romand-Monnier, & 

Kouider, 2016) or when confronted with ambiguous or incomplete information (Bazhydai, 

Westermann, & Parise, 2020; Hembacher & Frank, 2017; Vaish, Demir, & Baldwin, 2011). 

Understanding the nature of children’s information-seeking strategies may provide key insights 

concerning how children are able to rapidly solve complex learning problems across 

development (Gopnik et al., 2017; Oudeyer & Smith, 2016). 

A classic problem in word learning is how learners disambiguate the meaning of words in 

potentially ambiguous situations (Quine, 1960). One solution is that children can disambiguate 

word meanings by tracking co-occurrences of object-label pairs across multiple ambiguous 

situations (Smith & Yu, 2008; Suanda et al., 2014; C. Yu & Smith, 2007). This proposal would 

be particularly powerful when combined with selective information-seeking: if learners are 

motivated to sample object-label associations that remained ambiguous over the course of past 

learning, this may substantially improve word learning (Hidaka et al., 2017; Keijser et al., 2019). 

Past studies with children suggest that they are sensitive to referentially ambiguous situations, 

preferentially seeking information from social partners when confronted with referential 

ambiguity (Hembacher & Frank, 2017; Vaish et al., 2011) and that children may learn words 

better for objects they are more curious about (Ackermann, Hepach, & Mani, 2019; Lucca & 
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Wilbourn, 2018b). Among adult learners, active selection of label-object pairs during cross-

situational word learning increases participants’ accuracy compared to a passive condition in 

which random sets of objects are presented (Kachergis, Yu, & Shiffrin, 2013). However, we still 

know little about what sampling strategies adult and child learners display when given the 

opportunity to control their own learning input. 

In the current work, we investigated whether adult and child learners actively seek 

information that aids in reducing ambiguity about the meaning of novel words. We manipulated 

the ambiguity of novel word mappings by varying the degree to which object-label pairs co-

occurred with one another during cross-situational word learning (Experiments 1A, 1B, 2A) or 

whether children could use mutual exclusivity to disambiguate the referents of novel words 

(Experiment 2B). The central question was whether adults and children would choose to learn 

more about those items that reduce uncertainty about novel object-label associations. 

Experiments 1A & 1B 

Experiments 1A-B were designed to determine whether adult learners would seek 

information that aided in disambiguating reference. Participants completed a cross-situational 

learning task in which their goal was to learn a set of object-label associations by determining the 

referent of each label across training. Participants were then given the opportunity to select 

which object-label association they would hear on each subsequent learning trial. The central 

question was whether adults would make selections that reduced referential ambiguity. We 

collected data in an online experiment (Experiment 1A) and in an in-lab experiment (Experiment 

1B) with similar designs. Ambiguity was manipulated to varying degrees across two conditions. 

In Experiment 1A, all participants were assigned to a Fully Ambiguous condition, in which one 

set of items remained ambiguous throughout the training phase, while object-label associations 
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were disambiguated for the remaining items. In Experiment 1B, participants were randomly 

assigned to the Fully Ambiguous condition or the Partially Ambiguous condition, in which one 

set of items was manipulated to remain moderately ambiguous across training, while the 

remaining items were disambiguated as in the Fully Ambiguous condition. We predicted that 

participants would be motivated to select items that were manipulated to be more ambiguous in 

both conditions, with a stronger preference for ambiguous items in the Fully Ambiguous 

condition. 

Method 

Participants 

For Experiment 1A, we recruited 31 participants through Amazon Mechanical Turk (8 

female; mean age: 31.4 years, SD = 7.25; all native speakers of English). Three participants were 

excluded for not passing an initial auditory attention check (2) or for restarting the experiment 

(1). All participants were assigned to the Fully Ambiguous Condition (n = 28) and paid $0.75 for 

completing the study.  

For Experiment 1B, 62 University of Wisconsin-Madison undergraduates (27 female; 

mean age: 19.1 years, SD = 1.01; 56 native speakers of English) participated for course credit 

and were randomly assigned to the Fully Ambiguous Condition (n = 28) or the Partially 

Ambiguous Condition (n = 34). 

Stimuli 

The object stimuli were 8 images of novel ‘alien’ creatures used in previous word 

learning studies (Partridge, Mcgovern, Yung, & Kidd, 2015). 8 novel word stimuli (beppo, finna, 

guffi, kita, noopy, manu, sibu, tesser) were recorded by a female native speaker of English and 

normalized in duration and average loudness. The association between each label and its target 
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referent and the roles of the stimuli within a condition were randomized across participants. The 

stimuli were presented using a web-based experiment created using jsPsych (de Leeuw, 2015). A 

demo of each experiment can be accessed through a web browser (Experiment 1A: 

http://sapir.psych.wisc.edu/~zettersten/demos/Crossact/version1/crossact_v1.html; Experiment 

1B: http://sapir.psych.wisc.edu/~zettersten/demos/Crossact/version2Demo/crossact_v2.html). 

Design & Procedure 

The experiment was split into a Training Phase, a Sampling Phase, Test Phase, and a Production 

Test Phase. In Experiment 1A, participants completed each of these four phases in order. In 

Experiment 1B, participants completed the Test Phase twice, once after the Training Phase and 

once after the Sampling Phase (i.e., the order was Training-Test-Sampling-Test-Production Test; 

see below for the rationale motivating this design). 

Training Phase. Participants completed 24 cross-situational learning trials (2 blocks of 12 

trials), presented in random order (Figure 2.1). Participants were instructed that their goal was to 

learn the association between eight novel labels and their referents. On each training trial, 

participants were presented with two referents and two labels. The labels appeared sequentially in 

random order, both visually and auditorily. Consequently, the association between a particular 

label and its referent remained ambiguous on any single trial, but could be disambiguated by 

aggregating information across trials. Each object and its label occurred 6 times across the 24 

training trials. 
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Figure 2.1. Overview over the training procedure. 

We manipulated whether the object-label associations became disambiguated across trials 

during training, and therefore, how uncertain participants were at the onset of the Sampling Phase 

about the specific object-label pairs. In Experiment 1A, all participants completed the Fully 

Ambiguous condition. In Experiment 1B, participants were randomly assigned to one of two 

conditions: the Fully Ambiguous condition or the Partially Ambiguous condition. In the Fully 

Ambiguous condition, half of the object-label pairs remained ambiguous: two sets of two items 

were yoked together such that they were never disambiguated across training (ambiguous items; 

Figure 2.2, top left). The remaining items in the Fully Ambiguous condition were disambiguated 

across trials, occurring with three different object-label pairs (disambiguated items; Figure 2.2, 

right panel). In the Partially Ambiguous condition, two sets of two objects were grouped such that 
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two specific objects co-occurred on 4 out of their 6 occurrences, but each occurred with one other 

object from the ambiguous object set on the remaining 2 trials (partially ambiguous items; Figure 

2.2, bottom left). The other four objects were disambiguated as in the Fully Ambiguous condition. 

Note that across both conditions, participants saw each individual object and label equally 

frequently. 

 
Figure 2.2. Overview over one block of the Training Phase for the Fully Ambiguous 
Condition and the Partially Ambiguous Condition. 

Sampling Phase. Participants next completed four sampling trials. On each trial, all 8 

objects appeared in randomized locations. Participants were instructed to select which of the 8 

items they wanted to hear in the next cross-situational learning trial. After participants’ selection, 

a second object was chosen at random from the remaining objects. The two objects and their labels 
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then appeared together in a cross-situational word learning trial with the same structure as in the 

training phase.  

Test Phase. Participants’ knowledge of the object-label associations was probed in an 8-

alternative forced choice (8-AFC) recognition test. On each test trial, all 8 objects appeared in 

randomized locations on the screen, along with one of the 8 labels. Participants were then asked 

to select the object that went with the label. No feedback was provided after a choice. Participants 

were tested on each label in random order, for a total of 8 recognition test trials. 

In Experiment 1A, the Test Phase was presented once, following the Sampling Phase. In 

Experiment 1B, the 8-AFC test phase was presented twice: once immediately following the 

Training Phase (Test Block 1) and once immediately following the Sampling Phase (Test Block 

2), as in Experiment 1A. Our rationale in testing participants’ object-label knowledge twice was 

to further assess the consequences of participants’ sampling behavior for learning. By testing 

participants’ object-label knowledge before and after the Sampling Phase, we hoped to investigate 

whether participants’ choices led to gains in test accuracy. While adding a test phase immediately 

following the Training Phase provided participants with additional exposure to the labels and the 

objects prior to the Sampling Phase, we reasoned that the additional test phase (Test Block 1) 

should not help participants learn the particular object-label associations, since all eight objects 

were presented with each label (i.e., no cross-situational learning could occur during the test phase) 

and participants did not receive feedback on their test choices. 

Production Test Phase. After completing the final test phase, participants were asked to 

name each of the 8 objects from training. We included this additional test of participants’ object-

label knowledge in order to ensure we captured variability in participants’ learning (e.g., in case 

participants performed at ceiling on the 8-AFC recognition test). On each trial, the image of one 
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of the 8 objects appeared on the screen, and participants were asked to type the name for the object 

into the text box. The 8 objects were presented in random order for each participant. 

Predictions 

We predicted that participants would be more likely to choose to learn about the ambiguous 

items than about the disambiguated items in the sampling phase. For the Partially Ambiguous 

condition, we expected participants to have a weaker preference for ambiguous items over the 

disambiguated items, since adults accurately tracking the co-occurrence evidence could 

successfully learn all word-referent pairs. We did not predict large differences in test accuracy 

between items. One possible outcome was that test accuracy would be higher for items that were 

disambiguated during training. However, another possibility was that ambiguous items could be 

learned at comparable levels to disambiguated items if participants preferentially sampled 

ambiguous items.  

Results 

Sampling choices 

Experiment 1A. We fit a logistic mixed-effects model testing participants’ likelihood of 

making an ambiguous selection against a chance level of 0.5 using the lme4 package (version 1.1-

21) in R (Bates & Maechler, 2009; R Development Core Team, 2019), including by-participant 

and by-participant random intercepts. Participants were more likely to choose ambiguous items 

than disambiguated items, b = .62, Wald 95% CI = [0.06, 1.17], z = 2.16, p = .03 (Figure 2.3). 

Participants chose an object from the ambiguous set on 62.5% (95% CI = [50.8%, 74.2%]) of trials. 

To test the robustness of this result, we also tested subjects’ average proportion of ambiguous 

selections against the chance level of 0.5 in a non-parametric statistical test. A Wilcoxon signed-
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rank test found that the distribution of ambiguous selections significantly diverged from chance, 

V = 152, p = .02. 

 

Figure 2.3. Proportion of more ambiguous items selected in each condition. Error bars 
represent 95% CIs. 

Experiment 1B. We fit a logistic mixed-effects model predicting participants’ likelihood 

of making an ambiguous selection from condition (centered: fully ambiguous = 0.5; partially 

ambiguous = -0.5) (Bates & Maechler, 2009; R Development Core Team, 2019), including by-

participant and by-participant random intercepts. To test whether participants’ likelihood of 

selecting an ambiguous item differed from chance within each condition, we refit the model 

while recoding the condition variable with each condition coded as zero (such that the intercept 

represents a test of the likelihood of an ambiguous selection against a chance level of 0.5 for the 

condition coded as zero, since logit(0.5) = 0). 
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 Participants were significantly more likely to select a (fully or partially) ambiguous item 

in the Fully Ambiguous condition (M = 64.3%, 95% CI = [53.6%, 75.0%]) than in the Partially 

Ambiguous condition (M = 47.8%, 95% CI = [39.1%, 56.5%]), b = 0.70, 95% Wald CI = [0.14, 

1.25], z = 2.47, p = .01. A Wilcoxon rank-sum test comparing subjects’ proportion of ambiguous 

selections between the two conditions yielded similar results (W = 632, p = .02). Participants in 

the Fully Ambiguous condition selected ambiguous items more frequently than disambiguated 

items, replicating the result from Experiment 1A (b = 0.60, 95% CI = [0.19, 1.02], z = 2.85, p = 

.004; Wilcoxon signed-ranked test: V = 140, p = .015). Contrary to our prediction, participants in 

the Partially Ambiguous condition did not select (partially) ambiguous over disambiguated items 

(b = -0.09, 95% CI = [-0.45, 0.27], z = -0.50, p = .62; Wilcoxon signed-rank test: V = 101, p = 

.59). 

8-AFC Test performance 

Experiment 1A. Overall, participants successfully learned the object-label pairs, accurately 

selecting the correct referent in the Fully Ambiguous condition (M = 65.6%, 95% CI = [52.7%, 

78.6%], chance = 12.5%). To compare accuracy for items that remained ambiguous during training 

to accuracy for items disambiguated during training, we fit a logistic mixed-effects model 

predicting trial-by-trial accuracy from item type (centered; ambiguous = 0.5; disambiguated = -

0.5), including by-participant and by-item random intercepts and a by-participant random slope 

for item type. Accuracy for ambiguous items (M = 63.4%, 95% CI = [56.2%, 70.5%]; corrected 

within-participants; Morey, 2008) was marginally lower than accuracy for items that were 

disambiguated during training (M = 67.9%, 95% CI = [60.7%, 75.0%]), z = -1.65, p = .10 (see 

Figure 2.4A). 
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Experiment 1B. Participants demonstrated successful word learning in the 8-AFC 

recognition test that immediately followed the Training Phase (Fully Ambiguous condition: M = 

65.2%, 95% CI = [55.6%, 74.7%]; Partially Ambiguous condition: M = 76.8%, 95% CI = [66.7%, 

87.0%]) and in the (identical) test phase following the Sampling Phase (Fully Ambiguous 

condition: M = 72.8%, 95% CI = [61.6%, 84.0%]; Partially Ambiguous condition: M = 77.6%, 

95% CI = [67.1%, 88.0%]). To investigate the relationship between Test Half, Item Type 

(ambiguous vs. disambiguated), and Condition, we fit a logistic mixed-effects model predicting 

trial-by-trial accuracy from the three-way interaction between these three predictors (centered), 

including all lower-order effects. We included by-participant and by-item random intercepts, and 

by-participant random slopes for Test Block, Item Type, and their interaction. There was a 

significant effect of Item Type (b = -1.33, Wald 95% CI = [-2.10, -0.56], z = -3.39, p < .001), 

indicating that participants generally performed better on items disambiguated during training 

across conditions, and a significant effect of Test Block (b = 0.82, Wald 95% CI = [0.11, 1.53], z 

= 2.27, p = .02), indicating that participants performed better on the second test block than the first. 

This effect of Test Block appeared to be driven mainly by a significant increase in accuracy for 

ambiguous items in the Fully Ambiguous condition from Test Block 1 M = 46.4%, 95% CI = 

[33.6%, 59.3%]) to Test Block 2 (M = 59.8%, 95% CI = [45.3%, 74.4%]), b = 1.03, Wald 95% CI 

= [0.18, 1.89], z = 2.38, p = .017 (see Figure 2.4B). There was also a significant interaction between 

Item Type and Condition, indicating that the difference in accuracy between disambiguated and 

ambiguous items was greater in the Fully Ambiguous condition than in the Partially Ambiguous 

condition (averaging across test block), b = -2.75, Wald 95% CI = [-3.87, -1.64], z = -4.83, p < 

.001 (see Figures 2.4B and C). All other effects, including the three-way interaction, were non-

significant, all ps > .25. 
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Figure 2.4. Test accuracy by item for (A) Experiment 1A, (B) the Fully Ambiguous 
condition in Experiment 1B, and (C) the Partially Ambiguous condition in Experiment 1B. 
The dashed line represents chance-level performance. Error bars represent within-participant 
95% CIs (Morey, 2008). 

Production Test Performance 

 Experiment 1A. Overall, participants produced the correct label for roughly half of the eight 

object-label pairs (M = 47.8%, 95% CI = [32.6%, 63.0%]). We fit the same logistic mixed-effects 

model as for the 8-AFC recognition test to compare performance on ambiguous and disambiguated 

test items. Participants did not differ in their accuracy at producing labels for ambiguous (M = 

47.3%, 95% CI = [40.5%, 54.2%]) and disambiguated items (M = 48.2%, 95% CI = [41.4%, 

55.1%]), z = 0.07, p = .95 (Figure 2.5A). 

Experiment 1B. Participants produced the correct label for approximately half of the eight 

object-label pairs in both the Fully Ambiguous (M = 52.2%, 95% CI = [39.0%, 65.4%]) and in the 

Partially Ambiguous condition (M = 55.9%, 95% CI = [44.6%, 67.2%]). To investigate whether 

performance differed across Condition and Item Type, we fit a logistic mixed-effects model 

predicting whether participants produced the correct label from Condition (centered), Item Type 

(centered) and their interaction, including by-participant and by-item random intercepts and a by-
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participant random slope for Item Type. There was a significant interaction between Item Type 

and Condition, b = -1.64, Wald 95% CI = [-2.61, -0.66], z = -3.30, p < .001. In the Partially 

Ambiguous condition, there was no significant difference between accuracy for disambiguated 

items (M = 52.9%, 95% CI = [46.0%, 59.9%]) and (partially) ambiguous items (M = 58.8%, 95% 

CI = [51.9%, 65.8%]), b = 0.43, Wald 95% CI = [-0.20, 1.07], z = 1.33, p = .18 (Figure 2.5C). 

However, in the Fully Ambiguous condition, participants more accurately produced the label for 

items disambiguated during training (M = 61.6%, 95% CI = [51.6%, 71.6%]) than for (fully) 

ambiguous items (M = 42.9%, 95% CI = [32.9%, 52.8%]), b = -1.20, Wald 95% CI = [-1.94, -

0.47], z = -3.22, p = .001 (Figure 2.5B). 

 

Figure 2.5. Production Test accuracy by item for (A) Experiment 1A, (B) the Fully 
Ambiguous condition in Experiment 1B, and (C) the Partially Ambiguous condition in 
Experiment 1B. Error bars represent within-participant 95% CIs (Morey, 2008). 
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Relationship between sampling and test performance 

 We next investigated the relationship between participants’ sampling behavior and their 

subsequent performance at test. Specifically, we were interested in whether participants who 

preferentially sampled ambiguous items were more successful at learning the novel words. 

Experiment 1A. Participants who chose more objects from the ambiguous set during the 

sampling phase accurately identified more words at test, r(26) = .58, 95% CI = [0.27, 0.78], p = 

.001 (Figure 2.6A).  

Experiment 1B. In the Fully Ambiguous condition, participants’ proportion of ambiguous 

selections was correlated with their test accuracy before the Sampling Phase (Test Block 1), 

r(26) = .45, 95% CI = [0.10, 0.71], p = .015. The proportion of ambiguous selections was 

marginally correlated with participants’ test accuracy after the Sampling Phase (Test Block 2), 

r(26) = .35, 95% CI = [-0.03, 0.64], p = .07 (Figure 2.6B). In the Partially Ambiguous condition, 

participants’ proportion of (partially) ambiguous items selected was not significantly correlated 

with their test accuracy before (Test Block 1: r(32) = .09, 95% CI = [-.24, .42], p = .58) or after 

the Sampling Phase (Test Block 2: r(32) = -.12, 95% CI = [-.44, .23], p = .50; Figure 2.6C).  

By including a test phase immediately preceding the Sampling Phase, we aimed to further 

understand the correlation between test accuracy and preference for selecting ambiguous items 

observed in Experiment 1A. Specifically, do participants have higher test accuracy at the 

conclusion of the experiment because they preferentially selected ambiguous items, or do 

participants who are more successful at learning the object-label associations show a stronger 

preference for selecting ambiguous items? 

To test this question, we correlated participants’ proportion of ambiguous selections with 

their increase in accuracy from Test Block 1 to Test Block 2. If participants’ ambiguous 
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selections are driving higher accuracy, then participants who show a preference for sampling 

ambiguous items should show the largest increases in accuracy from Test Block 1 to Test Block 

2. However, proportion of ambiguous items selected was not significantly correlated with an 

increase in test accuracy in the Fully Ambiguous condition (r(26) = -.08, 95% CI = [-.44, .30], p 

=.69) and negatively correlated in the Partially Ambiguous condition (r(32) = -.36, 95% CI = [-

.62, -.03], p =.04), i.e. participants who were more likely to select the (partially) ambiguous 

items showed a lesser increase in test accuracy. Similar relationships were found with test 

accuracy for both ambiguous and disambiguated items. 

 
Figure 2.6. Relationship between choosing more ambiguous items and test accuracy for (A) 
Experiment 1A, (B) the Fully Ambiguous condition in Experiment 1B (split by Test Block), 
and (C) the Partially Ambiguous condition in Experiment 1B (split by Test Block). The 
distribution of individual participants’ test accuracy for different proportions of ambiguous 
choices is represented with violin plots. Error bands represent +/-1 SE. 

Discussion of Experiments 1A and 1B 

In a cross-situational learning task, adult learners chose to learn more about those object-

label pairs that remained ambiguous throughout training. Adults showed this tendency when the 

object-label pairings remained completely ambiguous based on the training evidence (Fully 

Ambiguous condition), but not when the object-label pairs became disambiguated at any point 
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during training (Partially Ambiguous condition). Thus, this experiment provides evidence that 

adult learners will seek to reduce ambiguity about object-label associations when given the 

opportunity to control which items they will learn about. 

At test, participants tended to show poorer overall learning of the ambiguous object-label 

pairs in the Fully Ambiguous condition, though not in the Partially Ambiguous condition. This 

finding is consistent with the fact that the fully ambiguous items were (by definition) designed to 

be more difficult object-label mappings to learn. However, it is important to note that a strong 

difference in accuracy between ambiguous and disambiguated items was found only in 

Experiment 1B, and not in Experiment 1A. The source of this discrepancy is not clear from the 

current results: besides simply being due to sampling error, these differences could be related to 

differences in experimental setting or slight differences in learning strategy. For instance, 

participants in the Fully Ambiguous condition in Experiment 1B not only showed slightly lower 

accuracy on ambiguous items, but also slightly better performance on disambiguated items 

compared to Experiment 1A. One possible explanation for this trend is that participants in 

Experiment 1B engaged in a more explicit strategy of disambiguating object-label pairings in the 

in-lab experimental setting, leading to more success at disentangling the object-label mappings 

that allowed for disambiguation. Past work on cross-situational learning has documented that 

explicit and implicit learning mechanisms interact during cross-situational word learning and are 

sensitive to shifts in task demands and task settings (Kachergis, Yu, & Shiffrin, 2014; Roembke 

& McMurray, 2016, 2020; Romberg & Yu, 2014, 2015). However, regardless of whether 

participants engaged in slightly different learning strategies in Experiment 1A and 1B, they 

consistently showed a preference for sampling ambiguous items in the Fully Ambiguous 

condition. 
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Intriguingly, we found that participants’ sampling behavior was correlated with their test 

accuracy in the Fully Ambiguous condition: participants who chose more ambiguous items 

during the Sampling Phase also more accurately identified object-label associations. By testing 

participants before and after the Sampling Phase in Experiment 1B, we were able to partially 

disentangle the directionality of this effect. Participants who had learned the novel words better 

following the Training Phase were more likely to sample ambiguous items. In other words, 

participants’ learning success appeared to predict their likelihood of targeting ambiguous items 

during the Sampling Phase, rather than participants’ sampling choices (solely) driving their test 

accuracy. Perhaps surprisingly, participants’ likelihood of selecting ambiguous items did not 

appear to lead to bigger increases in accuracy from the first to the second testing (though 

accuracy for ambiguous items showed the largest increase in general). There are a few potential 

reasons why we did not observe greater increases in accuracy following ambiguous item 

selections in the present study. First, participants who showed a strong preference for selecting 

ambiguous items were already performing quite well at test, suggesting that the lack of an effect 

may in part be due to a ceiling effect. Second, the Sampling Phase was designed such that 

participants continued to receive ambiguous, cross-situational learning trials: even after selecting 

ambiguous items, participants would view a cross-situational learning trial involving an 

additional, randomly selected item. While these trials in principle provided the opportunity to 

disambiguate object-label mappings, they also required participants to simultaneously continue 

to update and maintain the object-label relationships from past training, which may in turn have 

“washed out” some of the learning benefits that participants might have accrued from targeting 

the ambiguous items during the Sampling Phase. Future research could specifically target what 
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types of sampling behavior leads to better learning outcomes, relative to randomly selected 

training events. 

Experiment 2A 

Experiments 1A and 1B established that adult learners seek to reduce uncertainty about 

ambiguous items when learning novel words. Next, we asked whether children would 

demonstrate a similar tendency to seek new words that reduce ambiguity during cross-situational 

learning. As in Experiment 1A, children (4 - 8 years of age) completed a cross-situational word 

learning task. Across training, one set of novel object-label associations could be inferred based 

on the object-label associations they co-occurred with, while another set of words remained 

ambiguous. Then, participants were given the opportunity to sample object-label associations 

presented in isolation, i.e. in unambiguous learning trials. The central question was whether 

children would prefer to select object-label associations with ambiguous evidence during 

training, suggesting that children sample words that reduce referential ambiguity. 

Method 

Participants 

We recruited 38 participants (M = 5.9 years, SD = 1.19, range: 4.1 – 8.1 years, 19 

female) at a local children’s museum. Two additional participants were excluded due to 

inattention during the experiment.  

Stimuli 

The object stimuli were 8 images of novel ‘alien’ creatures used in previous word 

learning studies (Partridge et al., 2015) and 2 cartoon images of familiar animals (penguin, dog). 

8 novel word stimuli (biffer, deela, guffi, sibu, tibble, leemu, zeevo, pahvy) and two familiar word 

stimuli (penguin, dog) were recorded by a female native speaker of English and normalized in 
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duration and average loudness. The association between each novel label and its novel target 

referent, as well as the particular roles of the novel word-referent stimuli, were randomized 

across participants. The stimuli were presented using in a web-based experiment created in 

jsPsych (de Leeuw, 2015). 

Design & Procedure 

Children were tested in a quiet room in the children’s museum on a 10.1” Samsung 

Galaxy Note tablet. An experimenter guided children through the task by giving instructions at 

the beginning of each new phase. The experiment was presented as a game in which a cartoon 

bear named Teddy would first teach children the names of new alien friends, and then ask 

children to help her find her friends. The experimenter began with the following introduction:  

In this game, Teddy went up to space and met a bunch of new alien friends. Teddy 

is going to tell you the names of aliens, and your job is to try to remember which 

name goes with which alien. Later, you’re going to help Teddy find them.  

The experiment then proceeded to a Practice Phase, followed by the main experiment consisting 

of three phases: Training, Sampling, and Test. 

Practice Phase. Participants first completed a practice phase in which they encountered 

the two familiar word object stimuli and two novel object-label associations. We introduced this 

short practice phase to give children experience with the overall structure of the main experiment 

under less demanding circumstances, using a smaller set of items and mixing familiar and novel 

items. First, children were exposed to 4 practice training trials similar in structure to the training 

trials in the main experiment. On each trial, two referents appeared on the screen on either side 

of the Teddy character and children heard two labels, one for each object, in random order. On 

the first trial, children always saw the two familiar items (i.e., the penguin and the dog), followed 
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by a second trial in which children saw two novel object-label associations (i.e., an ambiguous 

labeling event). On the final two training practice trials, children saw each of the familiar items 

occur with one of the two novel items (permitting the disambiguation of the novel object-label 

associations). Next, children saw two sampling practice trials, in which they had the opportunity 

to select which of the four items they wanted to learn about next, followed by four practice test 

trials, in which participants’ knowledge of the items was tested in a 4-AFC recognition test. The 

procedure for each of these practice trial types mirrored the procedure for the Sampling phase 

and the Test phase described in more detail below. 

Training Phase. Participants completed 9 cross-situational learning trials (3 blocks of 3 

trials each). On each training trial, participants saw two referents appear on the screen on either 

side of the Teddy character and heard the labels of the two objects presented sequentially in 

random order. Next, the objects switched locations in a brief animation, and participants heard 

the same two labels presented in the same order. We introduced this trial repetition with flipped 

locations in order to reduce children’s tendency to interpret the labeling event as moving from 

left to right on the screen, i.e. assuming that the first label went with the object on the left and the 

second label went with the object on the right.  

As in the Fully Ambiguous condition of Experiment 1A, we manipulated whether the 

object-label associations could be disambiguated across trials during training (Figure 2.7). Every 

object-label pair occurred on three cross-situational training trials. Four of the objects occurred 

with three different object label pairs (disambiguated items). The remaining two object-label 

associations always occurred with one another (ambiguous items), such that children never saw 

evidence allowing them to link the two words unambiguously with their respective referent. 
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Figure 2.7. Overview over the design of the Training and Sampling Phase in Experiment 
2A. 

 

Sampling Phase. After completing the training phase, participants completed four 

sampling trials. On each sampling trial, all 6 referents appeared in randomized locations on the 

screen. Participants were instructed to select which of the 6 items they wanted to learn about next 

(Figure 2.7). When participants tapped one of the 6 referents, a brief animation moved the item 

to the center of the screen while the remaining items disappeared, and the referent was 

subsequently labeled in isolation.  

Test Phase. Participants’ knowledge of the object-label associations was probed in a 6-

AFC recognition test. On each test trial, all 6 referents appeared in randomized locations on the 

screen surrounding the Teddy character. When participants tapped Teddy in the center of the 
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screen, they heard one of the 6 labels. Participants were instructed to help Teddy by selecting the 

friend she was looking for. No feedback was provided after a choice. Participants were tested on 

each label in random order, for a total of 6 recognition test trials. 

Predictions 

As in Experiment 1A, our main prediction was that children would preferentially select 

object-label associations that remained ambiguous during the cross-situational word learning 

trials of the training phase. 

Results 

Sampling choices 

Figure 2.8. Children’s sampling choices in Experiment 2A. The plot depicts the number of 
subjects (out of 38) selecting 0, 1, 2, 3, or 4 ambiguous items across the four sampling trials. The 
dashed line represents the expected average value if items are sampled randomly. 
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We fit a logistic-mixed effects model testing whether children’s likelihood of selecting an 

ambiguous item differed from chance (logit(0.33)), including by-participant and by-item random 

intercepts. Contrary to our prediction, children did not preferentially select ambiguous object-

label associations during the Sampling phase, b = -0.02, 95% CI = [-0.36, 0.32], z = -.12, p = .91. 

Participants chose an object from the ambiguous set on 32.9% of trials (95% CI = [27.1%, 

38.7%]; see Figure 2.8.). A Wilcoxon signed-rank test conducted on children’s proportion of 

ambiguous selections yielded comparable results (V = 409, p = .57). 

Test performance 

Overall, participants showed significant learning of the object-label pairs, choosing the 

correct object to go with a label at above-chance levels (chance = 0.167), M = 38.6%, 95% CI = 

[30.7%, 46.5%], t(37) = 5.65, p < .001. However, surprisingly, children performed more 

accurately on the ambiguous items (M = 48.6%, 95% CI = [36.9%, 60.4%]) than on the 

disambiguated items (M = 33.6%, 95% CI = [24.9%, 42.2%]; Figure 2.9). This difference was 

significant in a logistic mixed-effects model predicting trial-by-trial accuracy from Item Type 

(centered; ambiguous = 0.5; disambiguated = -0.5), including by-participant and by-item random 

intercepts, and a by-participant random slope for Item Type, b =.68, 95% Wald CI = [0.08, 1.28], 

z = 2.23, p = .026. When tested on ambiguous items, children had a strong preference to select 

one of the two ambiguous objects (61.8% of trials, 95% CI = [50.7%, 72.9%]) rather than one of 

the four disambiguated objects (chance = 0.33). When tested on disambiguated items, children 

tended not to choose the two ambiguous objects, selecting them on only 18.4% of trials (95% CI 

= [12.8%, 24.1%]). 
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Figure 2.9. Children’s test accuracy in Experiment 2A, split by Item Type (disambiguated 
vs. ambiguous). Error bars represent within-participant 95% CIs (Morey, 2008). 

Relationship between sampling selections and test performance 

 We next investigated the relationship between children’s selections during the Sampling 

Phase and their subsequent accuracy on sampled (vs. non-sampled) items. To test the impact of 

children’s selections on learning, we fit a logistic mixed-effects model predicting children’s test 

accuracy from Item Type (centered; ambiguous = 0.5; disambiguated = -0.5), Sampling Choice, 

i.e. whether or not the item was chosen by a participant during the Sampling Phase (centered; 

sampled = 0.5; not sampled = -0.5), and their interaction, including by-participant and by-item 

random intercepts, and a by-participant random slope for Item Type. There was a significant 

effect of Item Type (as above), b =.83, 95% Wald CI = [0.15, 1.50], z = 2.40, p = .016. There 

was also a significant effect of Sampling Choice, b =.89, 95% Wald CI = [0.23, 1.55], z = 2.66, p 
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= .008 (Figure 2.10), indicating that participants performed more accurately at test on items that 

they selected during the Sampling Phase (M = 45.2%, within-participant 95% CI = [34.6%, 

55.7%]) than on items they did not sample (M = 26.8%, within-participant 95% CI = [16.2%, 

37.3%]). There was no significant interaction between Item Type and Sampling Choice, p = .48. 

 

Figure 2.10. Children’s test accuracy in Experiment 2A, split by Item Type (disambiguated 
vs. ambiguous) and whether a given test item was selected during the Sampling Phase (not 
sampled vs. sampled). Error bars represent within-participant 95% CIs (Morey, 2008). 

Discussion 

Unlike adult learners, children did not show a preference for selecting object-label 

associations for which they had experienced ambiguous evidence during training. Interestingly, 

children performed better on items testing ambiguous object-label associations than for object-

label associations that were disambiguated across training trials. There are likely two reasons 
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why children showed higher accuracy on the ambiguous items. First, since the two ambiguous 

items always co-occurred with one another, the training could help learners constrain the set of 

possible competitors for a given ambiguous label to two objects (compared to four possible 

objects for the disambiguated items). Indeed, children appeared to constrain their choices to the 

two objects that co-occurred on ambiguous trials when tested on their respective labels and rarely 

chose these objects when tested on the labels that occurred with the disambiguated objects. 

Second, anecdotally, we observed that many children explicitly pointed to specific 

objects during training while listening to each label and even repeated the respective label for 

each object. This behavior may indicate that some children were making an explicit hypothesis 

about each word mapping (Trueswell, Medina, Hafri, & Gleitman, 2013). If a child formed a 

specific hypothesis about the mapping between the two labels and objects on the first ambiguous 

trial, they would subsequently hear evidence that would appear to confirm their hypothesis: the 

two labels and the two objects would occur together again on the subsequent two training trials. 

“Hypothesis-testers” would never experience evidence disconfirming their initial hypotheses and 

thus have a 50% chance of responding correctly at test for these items (note that our participants’ 

test accuracy was 48.6% on average). Crucially, one consequence of learners approaching the 

task in this manner is that the two object-label associations deemed “ambiguous” according to 

the experimental design may have actually appeared less ambiguous to children performing the 

task than the putatively disambiguated items. Thus, in our next step, we adapted the task to 

create a learning situation in which one set of object-label associations would be more clearly 

ambiguous from the standpoint of the child learner. 
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Experiment 2B 

In Experiment 2B, we sought to increase the likelihood that children would perceive 

some novel object-label associations as more ambiguous than others. We used mutual exclusivity 

to increase the ease with which children could infer word-referent pairs for one set of novel 

objects (Markman & Wachtel, 1988) while maintaining the ambiguity of a second set of novel 

word-referent pairs as in the previous experiments. By giving children the opportunity to infer 

the referents for novel objects occurring in mutual exclusivity trials, we aimed to make it easier 

for children to recognize the referential ambiguity of novel object-label associations that always 

co-occurred.  

Method 

Participants 

We recruited 56 participants (M = 5.5 years, SD = 1.18, range: 3.3 – 7.9 years, 33 

female)4 at a local children’s museum. Two additional participants were excluded due to 

interruptions to the experiment (n = 1) or for not completing the study (n = 1). 

Stimuli 

The novel object and word stimuli were six images and recordings composed of a subset 

of the items used in Experiment 2A. In addition, 4 cartoon images of familiar animals (cow, dog, 

monkey, pig) along with audio recordings of their respective labels were used. All word stimuli 

were recorded by the same female native speaker of English and normalized in duration and 

average loudness. A demo of the experiment can be accessed through a web browser at 

 
4 The original target age range for the study was 4.0 years -8.0 years. Three children below the age of four years (all 
3-year-olds) were recruited and run in the experiment. Given that all three children completed the experiment 
without issue, we opted for an inclusive data policy and included these participants in the current analysis. All 
analytic results and conclusions are similar if these three participants are excluded. 
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http://sapir.psych.wisc.edu/~zettersten/demos/Crossact_kids/crossact_v4.html (note that trials are 

typically advanced by clicking on the Teddy character appearing in the center of the screen). 

Design & Procedure. 

The procedure and testing conditions were identical to Experiment 2A. The experiment 

followed the same structure as Experiment 2A, beginning with a Practice Phase and then 

proceeding through the Training Phase, Sampling Phase, and Test Phase. 

Training Phase. Participants completed 9 cross-situational learning trials (3 blocks of 3 

trials each) with 6 object-label pairs, two familiar object-label pairs (e.g., pig and dog) and four 

novel object-label pairs chosen randomly from the set of novel stimuli. As in Experiment 2A, on 

each trial, participants saw two referents appear on the screen and heard two labels presented in 

random order. Two novel object-label associations always occurred with one another (ambiguous 

items), mirroring the ambiguity manipulation from Experiments 1A/B and 2A. The two 

remaining novel object-label associations were each yoked to one of the two familiar object-label 

pairs (i.e., one alien always occurred with the dog image, while the other always occurred with 

the pig image; mutual exclusivity items). We reasoned that children would successfully 

disambiguate reference for mutual exclusivity items (i.e., on seeing an image of a dog and a 

novel “alien” and hearing the words leemu and dog, children would successfully infer that leemu 

referred to the novel alien). This would make it more likely that the ambiguous items would be 

perceived by child learners as having high referential uncertainty. As in previous experiments, all 

novel objects and their labels occurred equally frequently across the training phase. 

Sampling Phase. Participants next completed two sampling trials. On each trial, the four 

novel objects appeared on the screen and children were instructed to choose which object they 

wanted to learn more about. The procedure was otherwise identical to Experiment 2A. 
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Test Phase. Participants’ knowledge of the six words from the training phase (4 novel, 2 

familiar words) was tested in a 6-AFC recognition task as in Experiment 2A. 

Results 

Sampling choices 

 
Figure 2.11. Proportion of ambiguous item selections in Experiment 2B overall (A) and 
across age (B). Error bars represent 95% CIs and error bands are +1/-1 SEs based on model 
estimates. 

 
Children preferentially selected ambiguous object-label associations during the Sampling 

Phase, b = 0.55, Wald 95% CI = [0.15, 0.95], z = 2.71, p = .007. Participants chose an object 

from the ambiguous set on 63.4% of trials (95% CI = [54.4%, 72.4%]) (chance level = 0.5; 

Figure 2.11A). A Wilcoxon signed-rank test yielded similar results (V = 330, p = .006). The 

likelihood of children making ambiguous selections increased with age, b = 0.45, Wald 95% CI 
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= [0.10, 0.82], z = 2.48, p = .013 (logistic mixed-effects models including Age as a fixed effect; 

Figure 2.11B). 

Test performance 

Overall, participants showed significant learning of the object-label pairs, choosing the 

correct object to go with a label at above-chance levels (chance selection of novel object = 0.25), 

M = 57.6%, 95% CI = [48.4%, 66.8%], b =1.53, z = 5.08, p < .001. Accuracy for mutual 

exclusivity items (M = 64.2%, 95% CI = [53.2%, 75.1%]) and for the ambiguous items (M = 

55.7%, 95% CI = [44.0%, 67.3%]) was similar, b = -.44, Wald 95% CI = [-1.15, 0.27], z = -1.22, 

p = .22 (Figure 2.12). 

 

Figure 2.12. Children’s test accuracy in Experiment 2B, split by Item Type (disambiguated/ 
mutual exclusivity vs. ambiguous). The dashed line represents chance level for selecting novel 
objects. Error bars represent within-participant 95% CIs (Morey, 2008). 
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Relationship between sampling selections and test performance 

 As in Experiment 2A, we investigated the relationship between children’s selections 

during the Sampling Phase and their subsequent accuracy on sampled (vs. non-sampled) items. 

We fit the same logistic mixed-effects model predicting children’s test accuracy from Item Type 

(centered; ambiguous = 0.5; mutual exclusivity = -0.5), Sampling Choice, i.e. whether or not the 

item was chosen by a participant during the Sampling Phase (centered; sampled = 0.5; not 

sampled = -0.5), and their interaction, including by-participant and by-item random intercepts, 

and a by-participant random slope for Item Type. There were no significant effects of Sampling 

Choice (p = .33) or Item Type (p = .15), and no significant interaction between the two (p = .77). 

Discussion 

When given the opportunity to select which object-label pairs they wanted to learn more 

about, 3-8-year-olds preferentially selected object-label pairs that remained ambiguous during 

training over object-label pairs that could be disambiguated through mutual exclusivity. These 

findings demonstrate that – at least in some ambiguous word learning situations – children prefer 

to select learning events that aid in reducing referential uncertainty. The tendency to make 

ambiguity-reducing selections began to emerge around 5 years of age in our sample.  

General Discussion 

When learning the referents of novel labels in ambiguous contexts, adult learners chose to 

learn more about object-label associations that remained more ambiguous at the end of training. 

These choices were related to participants’ learning: participants who were most successful at 

learning object-label associations during training were also most likely to systematically select 

more ambiguous items during the Sampling Phase. It is interesting to note the modest magnitude 
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of adults’ preference on the task: ambiguous items were selected on slightly less than two-thirds 

of adults’ sampling trials. This may be partly related to the design of the sampling phase, which 

allowed for a number of potentially successful sampling strategies (e.g., selecting a known word 

on each sampling trial in order to hear that known word in combination with other words). 

However, another intriguing possibility for future research is that there are individual differences 

in how adults organize their learning, and that these differences may lead to distinct learning 

outcomes (see also Kachergis et al., 2013).  

Children also spontaneously sampled object-label associations that reduced ambiguity, 

though only when the task was simplified to emphasize referential ambiguity. When presented 

with a similar task as adults, 4-8-year-olds did not choose to learn about object-label associations 

that remained ambiguous during training. However, this result is likely at least partially 

explained by the fact that children actually found disambiguated items more difficult to learn 

than ambiguous items. In a simplified design that highlighted the ambiguous nature of the trials 

in which two referents always occurred together, children chose to learn about items that reduced 

uncertainty about the words’ referents.  

The preference for selecting ambiguous items was strongly related to age, with children 

beginning to reliably select the ambiguous items around 5 years of age in our sample. Past work 

on social referencing suggests that children as young as 2 years of age (Hembacher & Frank, 

2017) and even infants as young as 12 months are sensitive to referential uncertainty (Bazhydai 

et al., 2020; Vaish et al., 2011). Our studies go beyond measuring sensitivity to uncertainty by 

asking whether child learners will explicitly make decisions to sample new words based on 

referential ambiguity. Proactively making sampling decisions based on uncertainty may require 

more sophisticated skills in metacognition (Ghetti, Hembacher, & Coughlin, 2013; Lyons & 
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Ghetti, 2011) and cognitive control (Munakata, Snyder, & Chatham, 2012) that undergo 

substantial development during early childhood. The limits on the extent to which younger 

children spontaneously make ambiguity-reducing selections raise important questions for future 

research about how children’s sampling strategies develop and interact with the cognitive 

development more generally. 

Children have substantial control over their “curriculum” as they learn new words in the 

world (Mani & Ackermann, 2018; Smith et al., 2018), with potentially immense consequences 

for the difficulty of the learning problem they face (Hidaka et al., 2017). The present results 

demonstrate that, at least in some circumstances, children will sample new words that reduce 

referential ambiguity. These studies contribute to a growing literature demonstrating that 

children are curious learners who actively contribute to their own language development.  
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Chapter 3: Does active sampling support learning new words? 

The studies in chapter 2 demonstrated that, at least under some circumstances, both 

children and adults sample information that is supportive of learning object-label associations, in 

the sense of reducing uncertainty or ambiguity about new word meanings. An outstanding 

question from these findings is what type of consequences children’s sampling has for learning. 

Do children learn new words better if they can actively control their learning input than if they 

cannot?  

Past research has established that having active control over the learning input supports 

some forms of category and word learning (Castro et al., 2009; Kachergis et al., 2013; Markant 

& Gureckis, 2014). In a groundbreaking study, Markant & Gureckis (2014) found that adult 

participants were better able to learn simple category rules when given the ability to control 

which category exemplars they could learn about (active/ self-directed condition), compared to 

two passive learning conditions: a passive condition in which participants saw a random sample 

of category exemplars and a passive yoked condition in which participants could not control their 

learning input, and instead viewed the same category exemplars generated by a participant from 

the active condition. In the domain of word learning, Kachergis et al. (2013) found that allowing 

participants to construct their own learning input during an ambiguous word learning task, by 

selecting which sets of items would occur in a cross-situational word learning task, helped 

participants learn novel names better than participants who saw randomly generated trial lists. At 

least in certain contexts, controlling one’s own input helps adult learners acquire novel categories 

and words more effectively. 

Why does active control support learning? Two main explanations have been advanced in 

past literature: hypothesis-dependent sampling and memory-enhancing mechanisms (Gureckis & 
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Markant, 2012; Markant, Ruggeri, Gureckis, & Xu, 2016). One reason why self-directed 

sampling boosts learning is because it allows learners to select material that helps adjudicate 

between hypotheses they are currently entertaining (Markant & Gureckis, 2014; Markant, 

Settles, & Gureckis, 2016). For example, in a word learning task such as the one used by 

Kachergis et al. (2013), learners in the active condition can specifically select those objects for 

which they are currently considering different possible names to occur on their next training trial. 

On the other hand, participants in a passive condition cannot match their next training sample to 

the hypotheses about word meanings they are currently considering, making it more difficult to 

update their hypotheses. A second explanation appeals to the diverse means in which active 

control can boost learners’ memory (Markant, Ruggeri, et al., 2016). For example, being able to 

actively control the learning process may lead to higher engagement and arousal during training 

(Berlyne, 1960; Kidd & Hayden, 2015), the added cognitive demands of planning goal-directed 

selections could lead to greater elaboration of the learning materials (Kachergis, Rhodes, & 

Gureckis, 2017), and active control could aid learners in coordinating selective attention towards 

the to-be-encoded material (Markant, DuBrow, Davachi, & Gureckis, 2014). 

While there is ample support for the finding that active control supports category and 

word learning in adults, the evidence on active learning benefits in children is less extensive and 

more mixed. While there is some evidence from tasks inspired by the category learning work of 

Markant and Gureckis (2014) that children can induce a novel category boundary better when 

allowed to actively sample category exemplars (Adams et al., 2017; Sim, Tanner, & Alpert, 

2015), effects appear to often be small, with high individual variability. Little is known about 

whether active control supports word learning in children. One previous word learning study (N 

= 32) has reported active learning benefits for children around the age of 3 (Partridge et al., 
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2015). However, the benefit of active learning was only found for small sets of objects (1-2 

novel words) and was only compared to a passive condition in which items were selected at 

random. Moreover, no study to date has investigated children’s word sampling choices in 

relation to learning outcomes, and whether selection strategies explain differences in outcomes 

between active and passive learning conditions. 

Experiment 

We asked whether allowing children to actively control a portion of their training input 

during an explicit word learning task would support novel word learning. To test this question, 

we compared children’s word learning in an Active condition, in which they could choose novel 

words to learn about next, to their performance in two yoked passive conditions: the Yoked 

Passive condition and the Yoked Passive Exposure Mismatch condition. All children were first 

given initial exposure to a novel set of object-label associations. Children’s subsequent training 

exposure differed depending on the sampling condition. In the Active condition, children were 

given the opportunity to select which novel-object label associations they would hear next. In the 

Yoked Passive condition, children were passively exposed to – but did not select - the same 

novel labels seen by a (yoked) participant from the Active condition. The Yoked Passive 

Exposure Mismatch condition was identical to the Yoked Passive condition, except that the 

yoked participant from the Active condition had experienced an initial labeling exposure that 

differed from the child in the passive condition. In other words, children in the Yoked Passive 

Exposure Mismatch condition and their yoked active counterpart saw the same input during the 

sampling phase of the experiment, but were considering this input under different initial learning 

experiences. This condition originally arose as an error in the programming of the task – 

however, the resulting data allowed us to investigate to what extent benefits from active learning 
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can arise from children’s ability in the Active condition to tune their sample to their past learning 

experience.  

Method 

Participants 

We recruited 231 participants (M = 4.6 years, SD = .84, range = 3.0 – 6.0 years, 121 female) 

at a local children’s museum. 40 additional participants were excluded due to falling outside the 

age range of the study (n=4), experimenter error (n=5), equipment failure (n=1), due to a 

developmental concern (n=2), for not completing the study (n=16), for having participated in an 

earlier version of the study (n=10) or due to parental or sibling interference (n=2). Participants 

were assigned to one of three conditions: the Active condition (n=77), the Yoked Passive condition 

(n=77), or the Yoked Passive Exposure Mismatch condition (n=77). Since participants in the two 

Yoked Passive conditions were yoked to participants from the Active condition, true random 

assignment was not possible. Assignment to the three conditions occurred as follows. The Active 

condition and the Yoked Passive Exposure Mismatch condition were collected together. For each 

age group (3-year-olds, 4-year-olds, and 5-year-olds), we first assigned a given participant to the 

Active condition. The next child belonging to the same age group was assigned to the Yoked 

Passive Exposure Mismatch condition, and yoked to the preceding child from the same age group 

assigned to the Active condition. Within each age group, we then continued to alternate between 

the Active condition and the Yoked Passive Exposure Mismatch condition, always yoking the next 

participant in the passive condition to the preceding child in the Active condition belonging to the 

same age group. After completing data collection, we determined that a programming error had 

led to a mismatch between the exposure for children in the Active condition and their yoked 

counterparts in the Yoked Passive Exposure Mismatch condition (see below for further details on 
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why data from this condition was retained). We therefore collected an additional sample of 

children assigned to the Yoked Passive condition (in which this error was corrected). Since this 

condition was collected after the Active condition was completed, children were randomly 

assigned to a yoked counterpart from the Active condition belonging to the same age group. 

Stimuli 

The object stimuli were eight images of novel ‘alien’ creatures drawn from the same set 

of items used in previous word learning studies (Partridge et al., 2015) and four cartoon images 

of familiar animals (a bear, a cow, a penguin and a pig) (see Appendix A, Figure A4). Eight 

novel word stimuli (beppo, finna, kita, manu, noopy, roozer, soma, tesser) and four familiar 

animal words (bear, cow, penguin, pig) were recorded by a female native speaker of English and 

normalized in duration and average loudness. The association between the eight novel labels and 

the eight referent images was randomized across participants. The stimuli were presented using a 

web-based experiment created using jsPsych (de Leeuw, 2015). A demo of the experiment can 

be accessed through a web browser at 

http://sapir.psych.wisc.edu/~zettersten/demos/act/active.html. 

Design & Procedure. 

 Children were tested in a quiet room in the children’s museum on a 10.1” Samsung 

Galaxy Note tablet. A trained experimenter introduced children to the game and guided children 

through the task by giving verbal instructions. All participants were introduced to the experiment 

as a game in which they had to learn the names of the friends of a cartoon bear character. The 

experiment consisted of three blocks: a practice block and two main experimental blocks. Each 

block was composed of three phases: an Exposure Phase, a Sampling Phase, and a Test Phase. In 

the practice block, children were familiarized to the word learning game using the four known 
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animal words and images. The goal of the practice block was to ensure that children understood 

the structure and the goal of the game. Children then completed the two main experimental 

blocks. In each block, children learned and were tested on four novel words. Each of the two 

main blocks were identical in structure (i.e., children completed the same task), but with two 

non-overlapping sets of four novel object and word stimuli. We included two identical 

experimental blocks to investigate whether there were learning effects in the second block in 

children’s sampling behavior after children’s experience in the first experimental block (e.g., to 

investigate whether children engaged in more target sampling behavior after having played the 

game once and thus having more experience with the task). 

 Exposure Phase. In the Exposure Phase, children were first given initial experience with 

the object-label associations. At the beginning of the Exposure Phase, four opaque circles 

appeared on either side of the Teddy character, along with a white square positioned in the center 

between the four circles. Next, each circle would turn red one at a time in random order, and 

children were instructed to tap each red circle to reveal one of the four images (either a familiar 

animal in the practice block or a novel alien creature in the experimental blocks). This ensured 

that children attended to each of the four images and had practice tapping each of the four image 

locations. After the four images were revealed, the center square turned red, and children were 

instructed that Teddy would tell them the names of her friends. On each trial, children tapped the 

red square to initiate a labeling event (see Figure 3.1). After touching the red square, one of the 

four images wiggled (in order to draw children’s attention to the image) and moved to the center 

square, while all of the remaining objects were obscured by the four circles turning blue. Once 

the image was in the central square and all other objects were hidden (a procedure that took 1600 

ms), an audio stimulus labeled the object using one of two randomly selected carrier phrases (It’s 
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a ____ or That’s a ____). The auditory stimulus played for 1450 ms, after which the trial paused 

for 350 ms before ending. The next trial began with all four objects visible in the same location 

as before (i.e., the object locations stayed consistent across Exposure trials) and a red square that 

children were instructed to tap to initiate the next labeling event. The labeling events were 

designed to ensure that children’s attention was focused on the labeled image by (a) drawing 

children’s attention to the object in an initial animation, (b) presenting the to-be-labeled object in 

the central square, and (c) removing the other objects from view. 

 
Figure 3.1. Overview over the design of the Exposure and Sampling Phase (Active and 
Yoked Passive Condition). 
 

 In the practice block, the four images were the four familiar animal images. Participants 

were presented with two exposure trials (consistently bear and cow). In the experimental blocks, 
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children were presented with novel object-label associations in eight exposure trials. The key 

manipulation was the frequency with which children were exposed to the four novel words 

(compare to the manipulation in chapter 2). One of the four object-label associations was 

presented five times (5 Exposure item), one was presented 2 times (2 Exposure item), one was 

presented once (1 Exposure item), and one object was never presented during the Exposure 

Phase (0 Exposure item). This manipulation thus created a frequency distribution followed the 

logic of a small-scale power law distribution, with some objects (e.g. the 5 Exposure item) 

occurring far more frequently than other objects (the 0 and 1 Exposure item). The resulting eight 

exposure trials were presented in random order. 

 In the Yoked Passive condition, participants experienced exactly the same exposure trials 

in the same order as their yoked counterparts in the Active condition. Participants in the Yoked 

Passive Exposure Mismatch condition were assigned the same object-label associations in each 

block as their yoked counterpart; however they experienced a different randomized frequency 

distribution than their yoked counterparts in the Active condition (Figure 3.2). Note that since 

these participants experienced a different exposure frequency distribution at random, the degree 

to which their exposure experience differed from the exposure of their yoked counterparts’ 

experience varied across the sample. 

` Sampling Phase. After the Exposure Phase, children were given additional exposure to 

the object-label associations. On a given trial, two objects would appear on the screen at two of 

the four object locations. To maintain consistency with the Exposure Phase, the objects appeared 

at the same location that they had appeared in the Exposure Phase. Children were then instructed 

on how to initiate the next learning trial. In the Active condition, children were instructed to 

select one of the two objects to appear in the next labeling event (instruction: “Now, you get to 
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choose which friend to learn about. Pick one of Teddy’s friends to learn about them.”). Once the 

child tapped on one of the two objects, that object would participate in a labeling event with the 

same procedure as the labeling events in the Exposure Phase, with the object moving to the 

center square (while the remaining object locations were obscured) and an auditory stimulus 

subsequently playing that labeled the selected object (Figure 3.1).  

 In the practice block of the Active condition, participants completed two sampling trials 

each involving two of the familiar animal images. In the experimental blocks, participants 

completed six sampling trials, one for each possible pairing of the four novel objects presented in 

random order. Thus, participants made a sampling decision between each possible combination 

of two of the four novel objects (the 0 Exposure item vs. the 5 Exposure item, the 0 Exposure 

item vs. the 2 Exposure item, etc.). 

In the sampling trials of the Yoked Passive and the Yoked Passive Mismatched Exposure 

conditions, children were instructed to touch the red square to initiate the next labeling event 

(instruction: “Now, you get to see which friend you will learn about. Touch the square to learn 

about one of Teddy’s friends.”). Once the child had triggered the trial by pressing the red square, 

they next saw a labeling event presented in an analogous procedure to the event from the 

Exposure Phase. Which object the child saw in these conditions depended on the sampling 

decision of the Active condition participant that they were yoked to. Each child in the yoked 

passive conditions experienced the object-label association selected by their yoked counterpart. 

In other words, children in the yoked passive conditions experienced exactly the same labeling 

events during the Sampling Phase as a (yoked counterpart) child from the Active condition, with 

the only difference that the children in the yoked passive conditions did not select their sample 

(Figure 3.2). 
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Figure 3.2. Design of the Active, Yoked Passive, and Yoked Passive Exposure Mismatch 
Conditions. 
 

Test Phase. After completing the sampling phase within a given block, children 

completed a test phase composed of 2-AFC recognition trials. On each trial, the cartoon bear 

character would appear at the center of the screen with two objects on either side. Participants 

were instructed to “tap Teddy to see who she is looking for”. Once children touched the cartoon 

bear character, an auditory stimulus played identifying the target referent, using one of two 

carrier phrases (Where’s the (target label) or Find the (target label)). Children then had the 

opportunity to select the object that matched the target label. If children hesitated to respond, the 

experimenter would prompt children with the target label again with the instruction “Can you 
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(help Teddy) find the (target label)?”. The trial ended once children selected one of the two 

objects. No feedback was provided to children about their accuracy. 

 In the practice block, children completed two test trials, each involving two of the 

familiar animal images. In the experimental blocks, children completed eight test trials presented 

in random order, two for each novel object-label association. The four objects were randomly 

grouped into two sets of two objects each that always occurred together on a given test trial. This 

ensured that children could not infer the word meanings through cross-situational learning across 

the test trials. Each of the objects occurred an equal amount of times at each of the two object 

locations and occurred as the target object at each location once. 

Results 

Sampling Patterns – Active Condition 

 Participants differentially selected words during the Sampling phase depending on the 

number of occurrences of the word during the Exposure Phase (Figure 3.3). On average, children 

sampled items that they had never heard the label for during the Exposure Phase far more 

frequently (M = 1.92, 95% CI = [1.79, 2.05]; maximum number of choices in a given block = 3) 

than the objects that occurred 5 times during the Exposure phase (M = 1.11, 95% CI = [0.97, 

1.25]). Items with an intermediate exposure frequency were sampled at a rate lying roughly 

halfway between these two extremes in children’s sampling preference (2 Exposures: M = 1.45, 

95% CI = [1.34, 1.57]; 1 Exposure: M = 1.51, 95% CI = [1.37, 1.65]).  



 61 

 
Figure 3.3. Average number of choices dependent on past exposure. The x-axis represents 
the number of occurrences of the given item during the Exposure phase (split between Block 1 
and Block 2). The y-axis depicts the average choice frequency of a given item. Error bars 
represent +1/-1 SEs. 

Next, we asked whether children weighed the relative informativeness of their options in 

selecting between the two items on a given sampling trial. To investigate this question, we tested 

whether children preferentially selected the item with the lower frequency during the Exposure 

phase on a given sampling trial (which always presented two options). Overall, participants in 

the Active condition preferentially selected words during the Sampling phase that were heard 

less frequently during the Exposure phase (Block 1: M = 60.8%, 95% CI = [57.0%, 64.7%], t(76) 

= 5.57, p < .001; Block 2: M = 61.5%, 95% CI = [56.9%, 66.0%]), t(76) = 5.01, p < .001). Figure 

3.4 depicts the likelihood of choosing the lower exposure item depending on the combination of 

more or less frequently experienced words during the Exposure phase of blocks 1 and 2.  
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Figure 3.4. Proportion of choices of the lower exposure item during sampling trials on (A) 
Block 1 and (B) Block 2. The lower exposure option on the given trial is represented on the x-
axis, and bars are grouped by the higher exposure item option on the trial (5, 2 or 1 occurrences 
during the Exposure phase). For example, the first bar from the left depicts the likelihood that 
children selected the item heard twice during Exposure, given that the alternative is the item 
heard 5 times during Exposure. Error bars represent 95% CIs. 

 
Informativeness Analysis. To further investigate the patterns in children’s sampling 

behavior across trials, we sought to account for how object-label experience was changing from 

trial to trial as the sampling phase unfolded. We reasoned that the relative frequency with which 

children heard a given object-label pair changed with each sampling trial as a consequence of 

hearing additional object-label input. We therefore conducted a trial-by-trial analysis to 

investigate whether infants were sensitive to the informativeness of object-label associations 

based on the entirety of their training experience.  
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To create a measure of informativeness, we first computed the relative frequency of 

exposure to a given object-label association i as the proportion of trials on which children heard 

the given object labeled: 

 

For example, on the first trial of the sampling phase (immediately after the exposure phase), the 

relative frequency of the most frequently experienced object-label pair on this measure was 5/8 = 

.625, since the object was labeled on 5 of the 8 training trials in the exposure phase. Crucially, 

this measure takes into account how the relative exposure frequency to each object-label 

association changes across the sampling phase. For instance, if a participant selected the most 

frequently seen object-label pair on their first sampling trial, the relative frequency of that 

particular object-label association would increase to 6/9 = .67. To calculate the corresponding 

informativeness of the object-label association i, we took the standard measure of the negative 

log relative frequency (see e.g., Barto, Mirolli, & Baldassarre, 2013): 

 

Since log2(0) is not defined, we set the relative frequency of the object-label association with a 

frequency of 0 to be half of the lowest possible relative frequency, assuming a single labeling 

event (e.g., 1/16 at the completion of the 8 training trials).  

 To test whether children were sensitive to differences in informativeness between object-

label associations, we fit a logistic mixed-effects model predicting children’s likelihood of 

choosing a given item from its difference in informativeness to the alternative option (collapsing 

across blocks). We included random intercepts for participant and for each of item option. We 

found that children’s likelihood of choosing an item increased as it became more informative 

relative to the alternative item presented on a given trial, b = 0.41, 95% Wald CI = [0.32, 0.49], z 
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= 9.34, p < .001 (Figure 3.5). This effect did not interact with block, and similar effects were 

observed when each block was considered in isolation. 

 
Figure 3.5. Likelihood of choosing an item (“Image 1”) as a function of the difference in 
informativeness to the alternative option (“Image 2”) (collapsing across both experiment 
blocks).  
 
The Effect of Condition on Test Performance 

 To test for differences in word learning across condition, we fit a logistic mixed-effects 

model predicting participants’ trial-by-trial accuracy from condition (dummy coded) for each 

experiment block. We included random intercepts for participants, items and for yoked pairings 

(i.e., observations from participants who were yoked together were treated as non-independent). 

 In Block 1, we found a marginal overall effect of condition on test accuracy, c2(2) = 4.82, 

p = .09. Pairwise comparisons revealed that children performed better in the Active condition (M 
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= 84.9%, 95% CI = [80.9%, 88.9%]) than in the Yoked Passive Exposure Mismatch condition 

(M = 78.2%, 95% CI = [73.4%, 83.1%]), b = 0.52, Wald 95% CI = [0.06, 0.99], z = 2.20, p = 

.028, but not in the Yoked Passive condition (M = 81.8%, 95% CI = [77.5%, 86.1%]), b = 0.27, 

Wald 95% CI = [-0.20, 0.74], z = 1.13, p = .26 (Figure 3.6). 

 In Block 2,the overall effect of condition on test accuracy was not significant, c2(2) = 

2.69, p = .26. Accuracy did not differ between the Active condition (M = 78.9%, 95% CI = 

[73.7%, 84.1%]) and the Yoked Passive Exposure Mismatch condition (M = 80.0%, 95% CI = 

[75.6%, 84.5%]), b = -0.04, Wald 95% CI = [-0.53, 0.46], z = -0.15, p = .88, or between the 

Active Condition and the Yoked Passive condition (M = 74.2%, 95% CI = [68.8%, 79.6%]), b = 

0.33, Wald 95% CI = [-0.16, 0.82], z = 1.33, p = .18.  

 
Figure 3.6. Word learning accuracy across conditions. Individual data points are partially 
overlapping to visualize the distribution of test accuracy. Error bars represent +1/-1 SEs. 
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Relationships between Exposure, Sampling and Test 

 We conducted several exploratory analyses to investigate the nature of the relationship 

between participants’ training during the Exposure Phase and the Sampling Phase. 

 Frequency of experience during both the Exposure Phase and the Sampling Phase 

predict test accuracy. First, we asked whether the frequency of children’s exposure to each 

object-label association during the Exposure Phase and the Sampling Phase would predict their 

later test accuracy. We fit a logistic mixed-effects model predicting children’s trial-by-trial 

accuracy on a given item from the frequency with which they experienced that item during the 

Exposure Phase and the frequency of experiencing that item during the Sampling Phase. We 

included random intercepts for participants, items and for yoked pairings. Children were more 

accurate on items they experienced more frequently during the Exposure Phase, b = 0.08, Wald 

95% CI = [0.03, 0.12], z = 3.13, p = .002. After controlling for frequency during the Exposure 

Phase, children were also more accurate on items they experienced during the Sampling Phase, b 

= 0.12, Wald 95% CI = [0.004, 0.23], z = 2.03, p = .04. The effects of frequency during the 

Exposure Phase and the Sampling Phase did not interact with block or condition. 

 Exposure frequency mismatch predicts test accuracy in the Yoked Passive Exposure 

Mismatch condition. Next, we sought to understand the relationship between the decrease in 

accuracy in the Yoked Passive Exposure Mismatch condition and the degree of mismatch in 

exposure frequency for yoked participants in the passive and active conditions. Specifically, did 

participants in the Yoked Passive Exposure Mismatch condition perform better on items they had 

more exposure to relative to their yoked counterpart in the Active condition and worse on items 

they had less exposure to relative to their yoked counterpart? 



 67 

 To investigate this question, we fit a logistic mixed-effects model predicting the trial-by-

trial accuracy of participants in the Yoked Passive Exposure Mismatch condition from the 

difference in exposure frequency for a given item (exposure frequency in the Yoked Passive 

Exposure Mismatch condition – exposure frequency in the Active condition for a given yoked 

pair and item). We included random intercepts for participants and items. Accuracy in the Yoked 

Passive Exposure Mismatch condition increased with larger exposure frequencies relative to the 

Active condition, b = 0.06, Wald 95% CI = [0.002, 0.11], z = 2.04, p = .042. In other words, 

when participants in the Yoked Passive Exposure Mismatch condition had a large benefit in 

exposure frequency relative their counterparts in the Active condition, their accuracy at test 

tended to be higher. Conversely, when Yoked Passive Exposure Mismatch participants had 

experienced a given item far less than their yoked counterparts, they tended to have lower 

accuracy at test. This effect of exposure frequency mismatch did not interact with experiment 

block. See Appendix B for an additional analysis and visualization (Figure B1) investigating the 

difference in accuracy between yoked pairings in the Active and Yoked Passive Exposure 

Mismatch condition, depending on differences in exposure frequency. 

 Preference for sampling lower exposure items and test accuracy. To investigate the 

relationship between individual differences in sampling behavior and test performance, we asked 

whether children who preferentially sampled lower exposure items learned the novel words 

better. If sampling lower exposure items represents a particularly useful sampling strategy, then 

preferentially selecting items heard less frequently during training should lead to better test 

performance. However, there was no significant relationship between preference for selecting 

lower exposure items and test accuracy, r = -.01, p =.92. 
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Discussion 

 The results from the study support three main conclusions. First, children in the Active 

condition made choices that matched well with their initial word learning experience: children 

tended to select those words that they had experienced less frequently during the Exposure phase 

and showed graded sensitivity in their samples to their previous exposure. Second, children in 

the Yoked Passive Exposure Mismatch condition, who passively observed samples that were 

selected by children in the Active condition with differing initial word exposure, showed worse 

learning than children in the Active condition (at least in Block 1). Third, there was no strong 

evidence for a difference in word learning between the Active and the Yoked Passive condition – 

i.e., children who experienced exactly the same word learning experience performed similarly, 

regardless of whether they were selecting their own input during the Sampling phase.  

 Why did children in our study not show stronger differences between active and passive 

learning? The current design ensures that children in the Active condition and the Yoked Passive 

condition have the same previous learning exposure. Thus, the selections made by children in the 

Active condition should also benefit children in the Yoked Passive condition, given that children 

in both conditions had similar uncertainty about the same word meanings. This aspect of the 

design differs somewhat from past category learning studies that have documented differences 

between active and yoked passive manipulations (MacDonald & Frank, 2016; Markant & 

Gureckis, 2014). In these studies, participants are likely to be entertaining differing hypotheses 

about the category rule at any given point in the experiment, and thus the data generated by one 

participant testing one hypothesis may not be useful to a yoked participant entertaining a 

different hypothesis. The consistent manipulation of word learning frequency in children in the 

Active and Passive Yoked condition means that children in both conditions are likely to be 
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seeking similar information about the novel words, thus reducing the potential benefits of 

hypothesis-dependent sampling. 

For children in the Yoked Passive Exposure Mismatch condition, however, the sample 

selected by children in the Active condition should not be as beneficial for learning, given their 

differing experience. This difference in past exposure may underlie the difference in 

performance between the two conditions in the first block of the experiment, and builds further 

evidence that children’s active sampling decisions are tied to past learning exposure and benefit 

future learning. Future analyses will seek to systematically quantify the degree of mismatch 

between children’s experience and their input in the Sampling phase, to test whether this 

mismatch predicts children’s test accuracy. Additional support for the notion that children in the 

Active condition make choices that are well-suited to learning could be built by comparing 

performance in the Active condition to a receptive condition in which children experience 

random samples of the novel words (see also Sim et al., 2015). Overall, preliminary results 

provide evidence that children sample novel words in a manner that is supportive of their word 

learning. 

One outstanding puzzle is why effects differed across the two blocks of the experiment. 

Originally, we reasoned that having children perform the experiment twice, in two identically 

structured blocks, would allow children to familiarize themselves with the task and gain a better 

understanding of the learning goals by the second block of the experiment. Therefore, we 

expected that, if anything, condition effects would be more pronounced in the second round of 

the experiment. One possible explanation for the difference in results is declining engagement 

over the course of the experiment. Accuracy overall was lower in the second block of the 

experiment, suggesting that children may have been less attentive during the second round, 
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leading to more similar performance across conditions. Considering that benefits of the active 

learning condition were not predicted to be limited to the second block and central condition 

comparisons arose opportunistically, further replication is needed to increase confidence in the 

effect. Future replications could also more specifically test how specific mismatches in previous 

experience affect how useful a novel sample is for learners, to investigate the degree to which 

children’s sampling decisions are linked to their own prior learning. 

Together with the findings with Chapter 2, the present findings show that children 

selectively sample new words and can construct word learning situations that are beneficial for 

learning by preferentially selecting informative options. These findings build on our growing 

knowledge of the benefits of children’s active involvement in their own word learning (Begus et 

al., 2014; Lucca & Wilbourn, 2018b; Oudeyer et al., 2019), demonstrating that children are 

motivated to generate informative word learning situations. However, we still know little about 

the developmental trajectory of children’s information-seeking skills. Word learning is a 

particularly daunting task early in development, when there is little existing word knowledge and 

experience to build from. Are even young infants able to seek new information about words in a 

targeted fashion? In Chapters 4 and 5, we explore the limits of children’s information-seeking 

skills, using gaze-contingent eye-tracking methods to investigate how systematically infants 

(under the age of two) sample novel words. 
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Chapter 4: Do infants systematically sample novel object-label associations? 

Are infants passive absorbers of the information around them, or are they active seekers 

of new information? A long tradition of theories in cognitive development conceptualize children 

as playing central roles in their own learning process (Piaget, 1955, 1964; Vygotsky, 1978). 

Piaget, in contrasting his view with behaviorist approaches, emphasizes the importance of 

children’s active engagement with the environment for development: “Learning is possible only 

when there is active assimilation. It is this activity on the part of the subject which seems to me 

underplayed in the stimulus-response schema” (Piaget, 1976: p. 77). For example, as they 

explore their environment, infants will begin to point to objects in their environment to indicate 

interest and request information (Begus & Southgate, 2012; Kovács et al., 2014; Lucca & 

Wilbourn, 2018b) and infants’ gestures are often met by caregivers labeling or providing other 

information about the objects that infants are attending to (Wu & Gros-Louis, 2014, 2015). 

Yet we still know little about the strategies that infants use to seek out novel information. 

What kinds of learning events are infants drawn to when given control over their learning 

environment? One interesting result is that infants are drawn to sequences that are neither too 

complex nor too simple – sequences that are ’just right’ in terms of their complexity (Kidd et al., 

2012, 2014). Past research has also shown that infants and young children will seek out new 

evidence after surprising events (Stahl & Feigenson, 2015) or after events in which they have 

ambiguous evidence about how a novel object works (Cook, Goodman, & Schulz, 2011; Gweon 

& Schulz, 2008; Schulz & Bonawitz, 2007). These results suggest that infants can identify and 

seek out learning events that have the potential to be informative. These findings lay the 

foundation for a tantalizing explanation for the substantial learning abilities of young children. 

Children are excellent learners not only due to learning mechanisms, but also due to curiosity-
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based cognitive mechanisms and motivations that drive children to seek out informative learning 

events (Kidd & Hayden, 2015; Mani & Ackermann, 2018; Oudeyer et al., 2019; Oudeyer & 

Smith, 2016). 

 Curiosity could play an important role in how children learn new words (Mani & 

Ackermann, 2018). Children show impressive gains in vocabulary between their first and second 

years of life (P. Bloom, 2000). Explanations have appealed to gains in social learning abilities 

(Akhtar & Tomasello, 2000), the maturation and accumulated evidence from attention-based 

mechanisms (Samuelson & Smith, 1998; Yu & Smith, 2012), and their combination (Hollich et 

al., 2000). An important contributor could also be infants’ active role in seeking out new 

information and constructing their learning input (L. Bloom, 2000b; Hidaka et al., 2017; Mani & 

Ackermann, 2018; Oudeyer et al., 2019; Smith et al., 2018). Children’s curiosity would be a 

particularly influential driver of word learning if it led infants to seek out learning events that 

provide new information about words. Do infants make choices that are informative given their 

past word learning experience?  

One prominent reason why some word learning events are more informative than others 

for infants is that their exposure to words is not distributed evenly – some words occur more 

frequently than others (Zipf, 1965). Frequency of word occurrence has strong effects on 

children’s word learning (Ambridge, Kidd, Rowland, & Theakston, 2015). Word frequency is 

one of the best predictors of when a word will enter a child’s vocabulary across languages 

(Braginsky, Yurovsky, Marchman, & Frank, 2019). The frequency with which a word occurs 

within a caregiver’s speech predicts children’s later knowledge of that word (Goodman, Dale, & 

Li, 2008; Huttenlocher, Haight, Bryk, Seltzer, & Lyons, 1991). Moreover, the frequency with 

which children are exposed to novel-object label associations in experimental settings predicts 
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their success at learning these new words (Vouloumanos & Werker, 2009). Thus, words that 

children have heard less frequently – and therefore are less likely to have learned successfully – 

are more informative for young learners. 

In the current work, we asked whether 20-month-old infants differentially sample 

information about novel word-object associations when given active control over what material 

they can learn about. We first exposed infants to object-label pairs in a skewed distribution: 

while all objects occurred equally often, some were labeled more frequently than others. We then 

used a novel eye-tracking methodology in which infants could control which object-label 

pairings they would hear next. Our hypothesis was that infants would preferentially sample 

object-label associations that were more informative based on their past word learning 

experience. 

Experiment 1 

In Experiment 1, we tested whether 20-month-old infants would be sensitive to the 

informativeness of object-label choices when given the ability to initiate learning trials in a gaze-

contingent eye-tracking design. To manipulate the informativity of novel object-label 

associations, we first provided infants with initial exposure to four novel object-label 

associations during a training phase. Half of the objects were labeled on all four training trials 

(high-frequency object-label associations), while the other half of objects were presented with a 

label on only one of their four training trial occurrences (low-frequency object-label 

associations). Infants were then given the opportunity to sample additional label information for 

the four objects. The central question was whether infants would be sensitive to the informativity 

of different labeling events based on their past word learning exposure. 
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We targeted infants in the second half of their second year for two reasons. First, infants 

begin to vastly improve their ability to flexibly shift and sustain attention to individual objects 

and in the presence of multiple objects between 1 and 2 years of age (Colombo, 2001; Ruff & 

Capozzoli, 2003). Second, as infants approach their second year of life, observational and 

corpus-based studies suggest that children show a high proportion of queries that ask for labels 

(e.g., “What is that?”) or explanations of the reference of novel words (“What’s a jack-o-

lantern?”) (Chouinard, 2007). Thus, infants in this age range are likely to have the necessary 

visual attention skills to control gaze-contingent events and may be developing an interest in 

seeking information about novel labels. 

Methods 

Participants 

In study 1, twenty-five 19- to 21-month-old infants (10 female) participated in the 

experiment (mean age = 20.2 months, SD = .72). An additional 12 infants were tested but 

excluded from the analyses due to fussiness (n = 8), experimenter error (n = 2) or demonstrating 

a strong side bias during testing (defined as looking to a single side on over 75% of sampling 

trials; n = 2). All infants were English-learning, full-term infants with no vision or hearing 

problems and no exposure to a second language. Families were recruited from the Madison, WI 

community and received a gift for participating in the study.  

Stimuli 

The novel objects consisted of four unfamiliar objects from the Novel Object and 

Unusual Name Database (see Figure 2.1; Horst & Hout, 2016) and four novel labels (tursa, 

gasser, permi, labo). Each object was selected to be distinct in shape and color. All pictures of 

objects were presented against a white background. We created four object-label pairings that 
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were divided into two sets of two object-label pairings. The two sets were randomly assigned to 

be in the high-frequency and low-frequency labeling condition during training, and the 

assignment was counterbalanced across infants. 

All auditory stimuli were spoken by a female native English speaker from Wisconsin in 

child-directed speech. The novel words were normalized for intensity and duration such that the 

duration of all novel words was equal. The words were presented in carrier phrases that were 

normalized for intensity.  

Apparatus and Stimuli Presentation 

Participants were tested using a Tobii T60 XL eye-tracker with a sampling rate of 60 Hz 

and displayed on a 20.5’’ screen. The auditory and visual stimuli were presented in PsychoPy 

(Peirce, 2007). Communication with the eye-tracker and gaze-contingent stimulus presentation 

was controlled using the PyGaze toolbox (Dalmaijer, Mathôt, & Van der Stigchel, 2014). The 

infants sat on their caregivers’ laps approximately 60 cm from the monitor in a sound-attenuated 

booth. To prevent caregivers from influencing infants’ behavior, caregivers wore darkened glasses. 

A five-point calibration sequence was used to obtain a reliable track of participants’ looking 

location (four corners plus center).  

Design & Procedure 

Training Phase. At the beginning of the training phase, all four objects were presented 

simultaneously on the screen along with an attention-getting music recording for 10 s. Infants 

then entered a labeling phase in which they heard novel labels paired with novel objects. On each 

trial, an object appeared on the right or left corner of the screen in silence for 1000 ms. Then, the 

object moved vertically up and down on the screen for 4000 ms. The object was accompanied by 

speech that either labeled the object using one of two carrier phrases (Look at the tursa. That’s a 
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tursa. or See the tursa. It’s a tursa.) or directed infants’ attention to the object without providing 

a label (Wow! Look at that! Do you like it?). Then, the object remained on the screen for an 

additional 1000 ms in silence before the trial ended and the next trial began after an inter-trial 

interval of 500 – 700 ms (jittered). On the first two labeling trials, infants were presented with 

two familiar objects (a ball and a shoe) and their labels, to familiarize them with the task. Next, 

participants were presented with four blocks in which each of the four objects were presented 

once in random order, for a total of 16 trials. Each block of four trials was followed by a short 

attention-getting trial in which a nature scene was presented for 5000 ms together with attention-

getting phrases to maintain infants’ attention and reduce the repetitiveness of the task.  

The key manipulation was the frequency with which each object occurred with its label 

(Figure 4.1). For each infant, two objects were labeled on all four training trials (high-frequency 

object-label associations). The other objects were only labeled on the first training trial (low-

frequency object-label associations) and were presented with attention-getting audio without 

label information on the 3 subsequent trials. Consequently, while all objects were seen equally 

often, two objects were labeled four times more frequently than the other two objects. The 

frequency role of the object pairs (high vs. low frequency) was counterbalanced across infants. 
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Figure 4.1. Manipulation of frequency of object-label pairings in the Training Phase. 
 

Sampling Phase. In the subsequent Sampling Phase, infants controlled which object-

label association they heard next through their gaze fixations (Figure 4.2). On each trial, two 

objects appeared on the screen. One of the objects was always a high-frequency object-label pair 

from the training phase, and the other was always a low-frequency object-label pair (Figure 4.1). 

After the objects were shown in a stationary position for 1000 ms, we drew infants’ attention to 

each object by having each object “wiggle” from left to right for 500 ms in turn, with 2000 ms of 

static exposure between the two “wiggles”. The order in which infants’ attention was drawn to 

each object was counterbalanced across infants. The objects were then presented for an 

additional 1000 ms in a static position, after which two screens slid down to cover the two 

objects for 500 ms. This initiated the gaze-contingent portion of the trial, during which infants’ 
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fixations controlled which object was labeled. We obscured the two objects to minimize the 

extent to which infants’ fixations were driven by perceptual properties of the objects. When the 

duration with which infants fixated one of the two screens exceeded 700 ms, the fixated screen 

lifted over the course of 500 ms, revealing the object behind the screen. This object was then 

labeled using the same carrier phrase for all labels (It’s a [label]) for 1350 ms, followed by 650 

ms of silence. If infants’ fixations to one of the two screens did not exceed the 700 ms threshold 

within 5000 ms, one of the screens rose at random and the object was labeled. We excluded trials 

in which the 5000ms threshold was exceeded and the labeling event was not triggered by infants’ 

fixations from all subsequent analyses (12.5% of all trials). 

The sampling phase began with two trials with familiar objects and labels (the shoe and 

ball from the Training phase) to train participants on the sampling procedure. Infants then 

received a series of sampling trials using the novel object-label pairs from the training phase. On 

each trial, an object that had been labeled frequently and an object that had been labeled 

infrequently during training appeared together. The objects were presented in one of two pseudo-

random orders in which object location was counterbalanced. The first 15 infants received 16 

sampling trials. This number was halved to 8 sampling trials for the final 10 infants because this 

longer sampling procedure proved fatiguing for many infants. No difference was found between 

infants based on number of sampling trials seen in our main analyses, so we present the results 

together (see Results). 
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Figure 4.2. Gaze-contingent sampling phase design. 

 
Picture Pointing Test. A subset of the infants (n = 14) also completed a short picture 

pointing test designed to probe infants’ knowledge of the object-label mappings. One additional 

infant was tested but did not contribute data because they did not make any pointing gestures 

during the procedure. Infants sat on parents’ laps while the experimenter presented them with 4 

2-AFC test trials on laminated sheets of paper depicting two objects from training. Each object 

occurred once as a target and once as a foil with a randomly selected object. The four trials were 

presented in one of two pseudorandomized orders. On each trial, the experimenter asked the 

infant “Where’s the [label]? Can you point to it?” The experimenter recorded which object the 

infant pointed to first. The data recorded by the experimenter during the session was 
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subsequently matched to the particular object-label mapping the infant heard in the experiment to 

determine correctness of the infant’s point. 

Results 

Overall Sampling Preferences 

On the gaze-contingent sampling trials, infants were equally likely to choose objects that 

were presented as high-frequency and low-frequency object-label associations (percent low-

frequency choices = 48.6%, 95% CI = [44.2%, 53.1%]). To test whether infants’ choices 

changed over the course of the sampling phase, we fit a logistic mixed-effects model predicting 

likelihood of choosing the low-frequency object-label association from trial number, including a 

by-participant random intercept and a by-participant random slope for trial number. There was a 

marginal decrease in the likelihood of choosing the low-frequency object-label association across 

trials, b = -0.05, 95% Wald CI = [-0.10, 0.01], z = -1.77, p = .077. Infants were more likely than 

chance to choose the low-frequency object in the first four sampling trials (percent low-

frequency choices = 56.3%, 95% CI = [50.1%, 62.6%], t(24) = 2.10, p = .046), but became less 

likely to choose the low-frequency object-label associations as the sampling trials unfolded 

(percent low-frequency choices in Block 2: M = 44.0%, 95% CI = [33.9%, 54.1%]; Block 3: M = 

50.0%, 95% CI = [37.3%, 62.7%]; Block 4: M = 33.3%, 95% CI = [15.5%, 51.1%]). This 

finding suggests that infants show a weak initial preference for more informative object-label 

associations. This initial preference declines overall across sampling trials, perhaps due to the 

memory of the frequently experienced object-label associations decaying across sampling trials 

(see e.g., Pelz, Piantadosi, & Kidd, 2015). 
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Figure 4.3. Proportion high-frequency object-label associations selected across the 
Sampling phase in Experiments 1 and 2. The Sampling phase was shortened in Experiment 2 
to only include 8 sampling trials. Error bars represent +1/-1 SEs. 

 
Informativeness Analysis 

To further investigate the patterns in infants’ sampling behavior across trials, we sought 

to account for how infants’ object-label experience was changing from trial to trial as the 

sampling phase unfolded. We reasoned that the relative frequency with which infants heard a 

given object-label pair changed with each sampling trial as a consequence of hearing additional 

object-label input. We therefore conducted a trial-by-trial analysis to investigate whether infants 

were sensitive to the informativeness of object-label associations based on the entirety of their 

training experience.  

To create a measure of informativeness, we first computed the relative frequency of 

exposure to a given object-label association i as the proportion of trials on which infants heard 

the given object labeled (cf. chapter 3): 
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For example, on the first trial of the sampling phase (immediately after the training phase), the 

relative frequency of the high-frequency object-label pairs on this measure was 4/16 = .25, since 

the object was labeled on 4 of the 16 training trials. The relative frequency of the low-frequency 

object-label associations after the Training Phase was 1/16 = .0625. Crucially, this measure takes 

into account how the relative exposure frequency to each object-label association changes across 

the sampling phase. For instance, if the infant selected the low-frequency object on their first 

sampling trial, the relative frequency of that particular object-label association would increase to 

2/17 = .12. To calculate the corresponding informativeness of the object-label association i, we 

took the standard measure of the negative log relative frequency (see e.g., Barto, Mirolli, & 

Baldassarre, 2013): 

 

Entering the sampling phase, the low-frequency object-label associations were twice as 

informative on this measure (informativeness = 4) as the high-frequency object-label 

associations (informativeness = 2). Trials in which the informativeness difference between the 

objects equaled zero were removed, since log2(0) is not defined (6 out of 279 total trials). 

Alternative choices (e.g., setting the relative frequency to half of the lowest observed relative 

frequency, as in Chapter 3) yield similar results. 

To test whether infants were sensitive to differences in informativeness between object-

label associations, we fit a logistic mixed-effects model predicting infants’ likelihood of 

choosing the more informative object from the difference in informativeness between their two 

options using the lme4 package in R (Bates & Maechler, 2009). We included a by-participant 

random intercept and a by-participant random slope for the difference in informativeness. We 
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found that as the difference in informativeness between infants’ options increased, they became 

more likely to choose the more informative object-label association, b = 0.83, 95% Wald CI = 

[0.29, 1.36], z = 3.03, p = .002 (Figure 4.4). The same result holds separately both for the infants 

who saw 16 sampling trials (z = 2.10, p = .036) and for the infants who saw 8 sampling trials (z = 

3.63, p < .001). Infants were sensitive to the informativeness of their options when controlling 

their own learning events: as the difference in informativeness rose between their two word 

choices, infants were more likely to trigger the more informative object-label association.  

 
Figure 4.4. Informative Analysis Results in Experiment 1. The difference in informativeness 
between object-label choices predicts the likelihood of choosing the more informative object-
label association. Error bands represent +1/-1 SEs. 

Picture Pointing Test Results 

Overall, infants showed evidence of learning the object-label associations, M = 72.6%, 

95% CI = [57.1%, 88.1%], t(13) = 3.15, p = .008 (Figure 4.5A). Accuracy was similar for low-
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frequency (M = 69%, 95% CI = [49.6%, 88.9%]) and high-frequency object-label associations 

(M = 78.6%, 95% CI = [59.9%, 97.2%]), t(12) = -1.30, p = .22. To test whether accuracy was 

predicted by infants’ sampling decisions, we fit a logistic mixed-effects model predicting infants’ 

accuracy on each test trial from the frequency with which they chose the target object during the 

sampling phase. We included a by-participant random intercept and a by-participant random 

slope. Object-label associations that infants sampled more frequently during the Sampling Phase 

were marginally more likely to be identified correctly during the picture pointing test, b = 0.55, 

95% Wald CI = [-.01, 1.11], z = 1.94, p = .053 (Figure 4.5B).  

 
Figure 4.5. Test Performance in Experiment 1. (A) Overall picture pointing test accuracy in 
Experiment 1 and (B) Frequency of selecting an object-label association during the Sampling 
Phase relates to test accuracy. Error bar represents 95% CI. 

Experiment 2 

The goal of Experiment 2 was to replicate the results from Experiment 1, while 

investigating participants’ learning of the novel object-label associations with a looking-while-

listening design. 
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Methods 

Participants 

 In study 2, twenty-eight 19- to 21-month-old infants (15 female) participated in the 

experiment (mean age = 19.8 months, SD = .64). An additional 9 infants were tested but 

excluded due to fussiness (n = 6), experimenter error (n = 2), or equipment failure (n = 1). 

Design & Procedure 

 The general procedure was similar to Experiment 1, with three exceptions. First, we 

included additional sampling trials with familiar objects and labels at the beginning of the 

experiment to give infants more training with the gaze-contingent procedure. Second, we made a 

slight modification to the timing of the sampling phase in order to give infants more time to 

process the images before the gaze-contingent portion of the trial. Third, we included looking-

while-listening trials to test word learning after the sampling phase. 

 Sampling Training. In order to increase the amount of training infants received with the 

gaze-contingent procedure, infants completed four sampling trials at the outset of the experiment 

with familiar objects and labels (ball, cat, cookie, shoe). The timing of the trials was identical to 

all other sampling trials in Experiment 2 (see below). The four familiar-word sampling trials 

were followed by the object-label training phase. 

 Training Phase. The training phase was identical to Experiment 1. 

Sampling Phase. The sampling phase was identical to Experiment 1, with the following 

modifications. First, infants viewed only one sampling trial with familiar objects (ball, shoe) 

since infants were trained on the sampling procedure at the beginning of the experiment. This 

modification also helped to shorten the gap between the training phase and the first novel object-

label association sampling trial. Second, we doubled the amount of time that each object 
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“wiggled” during the initial object exposure, from 500 ms to 1000 ms, allowing infants more 

time to fixate each object prior to the gaze-contingent portion of the trial. 

Looking-While-Listening Test Trials. After the sampling phase, infants completed 2 

looking-while-listening trials with familiar objects and labels (cookie, shoe, cat, duck) followed 

by 8 test trials designed to probe infants’ knowledge of the novel object-label associations. On 

each trial, two object images were presented side by side in the center of the screen. After 2000 

ms of silence, the test audio began. The test audio consisted of one of two carrier phrases 

(“Where’s the ____?” or “Find the ____.”), the target label and a final attention-getting phrase 

(e.g., “Check that out!” or “Can you see it?”) and played for a total of 4000 ms. The 8 novel test 

trials were presented in two blocks of four trials with a short attention-getting video presented 

between blocks. Each of the four target labels was tested once in each block. The high-frequency 

and the low-frequency object-label associations were yoked such that the low-frequency objects 

always appeared together and the high-frequency objects always appeared together on a given 

trial as target and foil. The test trials were presented in one of two pseudorandom orders, which 

were counterbalanced across participants.  

Processing and Analyzing Eye-tracking Test Trial Data 

Eye movements were recorded and segments of lost data up to 150 ms during which the 

gaze location did not change were interpolated (S V Wass, Smith, & Johnson, 2013). Areas of 

interest were set around the two object image positions with an additional 50 pixels around each 

object to account for imprecision in measurement.  

To analyze the looking-while-listening test results, we set a 3000 ms target window 

stretching from 300 ms post-label onset until 3300 ms post-label onset. Trials on which there was 

missing data for over 50% of the target window (35.6% of all trials test trials) were excluded. After 
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excluding these trials, we next excluded infants who contributed fewer than half of the total number 

of test trials (fewer than 4 test trials) from the final analysis (n = 8). 

Results 

Overall Sampling Preferences based on Training Phase 

As in Experiment 1, infants chose high-frequency and low-frequency object-label 

associations with similar frequency overall during the sampling phase (percent low-frequency 

choices = 51.4%, 95% CI = [46.4%, 56.4%]). There was little evidence for a decrease in the 

likelihood of choosing the low-frequency object-label association across trials, b = -0.08,95% 

Wald CI = [-0.20, 0.04], z = -1.32, p = .19. While consistent with the trend seen in Experiment 1, 

infants were not more likely than chance to choose the low-frequency object in the first four 

sampling trials (percent low-frequency choices = 55.9%, 95% CI = [48.1%, 63.8%], t(24) = 1.55, 

p = .13) than in the final four sampling trials (percent low-frequency choices = 45.8%, 95% CI = 

[36.4%, 55.2%], t(27) = -0.91, p = .37), z = -1.40, p = .16 (Figure 4.3). 

Informativeness Analysis 

To test whether infants were sensitive to the difference in informativeness between their 

choices, we fit a logistic-mixed effects model predicting the likelihood of choosing the more 

informative object on a given trial from the difference in informativeness between the two 

options. As in Experiment 1, infants’ probability of choosing the more informative object rose as 

the magnitude of the difference in informativeness increased, b = 0.85, 95% CI = [0.23, 1.47], z 

= 2.69, p = .007 (Figure 4.6).  
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Figure 4.6. Informativeness analysis results in Experiment 2. Error bands represent +1/-1 
SEs. 

Looking-While-Listening Test 

To investigate infants’ learning of the novel object-label associations, we analyzed 

infants’ proportion of looking to the target object during the target window. Overall, participants 

fixated the target object at above-chance levels, M = 60.0%, 95% CI = [53.9%, 66.2%], t(19) = 

3.40, p = .003 (Figure 4.7A). Accuracy did not differ for high-frequency (M = 62.6%, 95% CI = 

[54.4%, 70.7%]) and low-frequency (M = 57.3%, 95% CI = [48.0%, 66.6%]) targets, t(19) = 

0.92, p = .37. To test whether sampling frequency of the target object-label association during 

the sampling phase was related to test accuracy, as in Experiment 1, we fit a linear mixed-effect 

model predicting test accuracy from sampling frequency, including the maximal by-participant 
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random effects structure. Sampling frequency was not related to test accuracy, b = 0.03, χ2(1) = 

.68, p = .41 (Figure 4.7B). 

 
Figure 4.7. Test performance in Experiment 2. (A) Overall looking-while-listening test 
accuracy in Experiment 2 and (B) no significant relationship between the frequency of selecting 
an object-label association during the Sampling Phase and test accuracy. Error bar represents 
95% CI. 

Discussion 

 In Experiments 1 and 2, we found that infants showed systematic patterns in how they 

sampled novel object-label associations. Infants showed a small, but consistent, preference for 

previously less frequently experienced object-label associations at the beginning of the sampling 

phase. This finding provides preliminary support for the hypothesis that infants show a 

preference for more informative object-label associations. In analyzing infants sampling patterns 

across the entirety of the sampling phase, we found that infants showed a broader sensitivity to 

the relative informativeness of different sampling events. The likelihood of infants sampling a 

novel word depended on the difference in relative frequency with which they had heard labels 

for their two options on past trials. 
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 However, there remains a key confound in the current analysis of infants’ sampling 

behavior across trials. Since the relative informativeness measure is computed in part based on 

infants’ own sampling choices, this measure becomes highly correlated with infants’ visual 

exposure to each of the novel objects across the sampling phase (a visual familiarity confound 

that was controlled across the training phase of the experiment). As a given object-label 

association becomes more informative across the sampling phase due to the fact that infants have 

not triggered a labeling event involving that object, infants’ visual experience with the object 

also decreases relative to the other novel objects in the experiment. We thus designed a third 

experiment in which we aimed to address this confound by systematically manipulating 

informativeness of different object-label associations while controlling for visual experience.  

Experiment 3 

In Experiment 3, we sought to address the limitations of Experiments 1 and 2 by 

parametrically manipulating relative naming frequency while equating object exposure during 

the training phase. In order to manipulate relative frequency within a given participant, we 

adapted the design of Experiments 1 and 2 into four separate training and sampling blocks 

involving two novel object-label associations labeled at different frequencies. The relative 

frequency with which the two novel object-label associations were labeled was manipulated 

across blocks, such that some blocks contained a large discrepancy between the labeling 

information provided relative to the other (as in the training phase of Experiments 1 and 2, one 

object was labeled far more frequently than the other) and some blocks contained similar or 

equal labeling information for both novel objects during the training phase. The central question 

was whether the likelihood that infants selected a given object-label association depended on the 

relative frequency with which they had experienced the two object-label associations during the 
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training phase. Analyses were registered prior to data inspection at the Open Science Framework 

(https://osf.io/khg7a). 

Methods 

Participants 

Our target sample size was 50 19- to 21-month-old infants, based on a power analysis for 

our logistic mixed-effects analysis (described below) using simulations built with the simr 

package in R (Green & MacLeod, 2016). We conducted simulations for a range of possible 

values for our main beta coefficient of interest using random effects and residual variance 

estimated from a pilot sample of 10 participants, for both of the two main analyses described in 

the Results section. We found that a sample size of 50 participants would provide roughly 80% 

power to detect an effect of informativeness half of the size (b = 0.4) of that observed in two 

previous experiments (b ~ 0.8 in the informativeness analyses in Experiments 1 and 2). 

Fifty-two 19- to 21-month-old infants (34 female) participated in the experiment (mean 

age =19.8 months, SD = .60, range: 18.9 - 21.1 months). An additional 15 infants were tested but 

excluded from the analyses due to experimenter error (n = 4) or infant fussiness (n = 11). We 

collected 2 additional infants beyond our target sample since families were contacted in batches 

larger than our target sample, to account for medium response rates and fuss-out rates typically 

observed in infant studies. All infants were English-learning, full-term infants with no vision or 

hearing problems and no exposure to a second language. Families were recruited from the 

Madison, WI community and received a gift for participating in the study.  

Stimuli 

In addition to the 4 novel objects and names from Experiments 1 & 2, we selected four 

unfamiliar objects from the Novel Object and Unusual Name Database (see Appendix A; Horst 
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& Hout, 2016) and four novel labels (beppo, nillet, roozer, soma). The two sets were randomly 

assigned to different training blocks and labeling frequencies across the experiment. 

All auditory stimuli were spoken by a female native English speaker from Wisconsin in 

child-directed speech. The novel words were normalized for intensity and duration such that the 

duration of all novel words was equal. The words were presented in carrier phrases that were 

normalized for intensity.  

Design & Procedure 

 The experiment was structured into four independent blocks. These blocks were designed 

to be shortened instantiations of the training and sampling phases from Experiments 1 and 2 

involving only two novel objects and labels. Within each block, infants were exposed to two new 

object-label associations and subsequently given the opportunity to trigger additional learning 

events in a sampling phase. The key manipulation was that the relative frequency of one object-

label association compared to the other was varied across the four blocks, such that children 

experienced object-label association frequencies of 4:0 (i.e. one object was labeled four times, 

while the other was never given a label), 4:1, 4:2, and 4:4 in one block each (Figure 4.8). 

Sampling training. As in Experiment 2, infants completed four sampling trials at the 

outset of the experiment with familiar objects and labels (ball, cat, cookie, shoe), in order to 

familiarize infants with the gaze-contingent procedure. 
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Figure 4.8. Manipulation of relative frequency of naming across training blocks. The order 
of blocks was randomized across participants. 

Training Phase. Individual training trials were designed as in Experiments 1 & 2, such 

that on each trial, a single label was presented together with either a phrase labeling the object or 

a phrase directing infants’ attention to the object without providing a label. Within a given block, 

each object occurred in isolation on four separate trials, for a total of 8 training trials per block (2 

objects x 4 training trials). Additionally, each training block began with a familiar labeling trial 

presenting one of the 4 familiar items (ball, cat, cookie, shoe), selected at random, to reinforce 

throughout the experiment that the speaker was labeling the objects presented on the screen. 

The key manipulation was the frequency with which each object occurred with its label 

over the course of a given block. Within each block, one object was always labeled on all four 



 94 

training trials, as in the high-frequency condition of Experiments 1 and 2. The number of 

labeling events for the other object was manipulated across blocks (Figure 4.8). In block 4:0, the 

second object was never labeled, and instead only appeared with attention-getting audio without 

label information on all four trials. In block 4:1, the second object was labeled once, as in the 

low-frequency condition of Experiments 1 and 2. In blocks 4:2 and 4:4, the second object was 

labeled twice and four times, respectively. Consequently, while all objects were seen equally 

often within a given block, the relative frequency with which the two objects were labeled varied 

across the four blocks of the experiment. The frequency role of the object pairs was 

counterbalanced across infants. 

Sampling Phase. The design of an individual sampling trial was the same as in 

Experiment 2. At the end of the training phase of a given block, children saw two sampling trials 

involving the two novel objects from that block. The object locations were randomized across 

participants and blocks, and the location of the objects was reversed on the second trial compared 

to the first trial of a given sampling phase. 

Word Learning Test. At the conclusion of the experiment, infants completed a 2-

alternative forced-choice (2-AFC) task testing their knowledge of the novel words. We included 

this task as an exploratory measure of infants’ learning, expecting some attrition/ fussiness given 

the age of our participants and the duration of the in-booth experiment. 

The task was presented on a touchscreen monitor outside of the experimental booth, 

using a browser-based experiment created with jsPsych (de Leeuw, 2015). We introduced the 

task as a game in which participants were helping the experimenter find animals and toys. Infants 

were instructed to point towards the screen to make their choice, with the experimenter selecting 

the option that participants pointed towards. The task began with a short warm-up phase in which 
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infants were asked to “catch” fish that popped up at various locations on the screen by pointing 

towards them. This phase familiarized infants with the procedure and helped encourage infants to 

interact with the events on the screen by pointing. Next, participants completed ten 2-AFC 

pointing trials, two involving familiar items (cat, dog) and eight trials testing infants’ knowledge 

of the novel object-label associations. On each trial, two objects (either the two familiar or two 

novel objects) appeared side-by-side on the screen. Next, an audio stimulus was presented asking 

infants to point to a target object (e.g., Where’s the beppo?). The eight novel labels were tested 

in random order. The location of the target was counterbalanced across trials.  

Results 

Sampling Preferences 

We tested whether infants' likelihood of selecting novel-object label associations 

depended on the relative frequency with which two novel object-label associations were 

experienced during a given training block. Specifically, we asked whether infants’ likelihood of 

choosing the more informative object-label association increased as the difference in relative 

frequency increased across the four training conditions. We conducted two main analyses, 

coding the condition manipulation as a continuous predictor in two different ways.  

In the first analysis, we coded condition as a continuous predictor, based on the 

difference in labeling frequency between the two novel object-label associations in a given 

condition (i.e., condition 4:0 was coded as 4 – 0 = 4, block 4:1 was coded as 4 – 1 = 3, and so 

on). We fit a logistic mixed-effects model predicting the likelihood of infants’ choosing the more 

informative object-label association object from condition (coded as described above). We 

included by-participant and by-item random intercepts and a by-participant random slope for 

condition. Contrary to our prediction, there was no significant relationship between the 
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difference in labeling events during training and infants’ preference for the more informative 

(i.e., less frequently labeled) object-label associations, b = 0.01, 95% Wald CI = [-0.13, 0.16], z 

= 0.19, p = .85 (Figure 4.9A). Similar results were obtained when the analyses were restricted to 

infants’ first sampling opportunity in each block/ condition (Figure 4.9B). 

In the second analysis, we coded condition analogously to the informativeness analysis in 

Experiments 1 and 2, in terms of the difference in informativeness of labeling events for the two 

novel object-label associations experienced during training. For example, condition 4:2 was 

coded as log2(4/8) – log2(2/8) = 1. Since log2(0) is not defined, we set the relative frequency of 

the object-label association with a frequency of 0 to be half of the lowest possible relative 

frequency assuming a single labeling event (i.e., 1/16). Outcomes are similar for other possible 

choices for block 4:0. We fit a logistic mixed-effects model analogously to the first analysis, 

predicting the likelihood of infants’ choosing the more informative object-label association 

object from condition (coded in terms of the difference in informativeness), including the same 

random effects structure as above. As in the first analysis, we found no relationship between the 

informativeness difference of infants’ options and their preference for the less frequently labeled 

object, b = 0.01, 95% Wald CI = [-0.26, 0.28], z = 0.06, p = .95 (Figure 4.9C). As above, similar 

results were obtained when the analyses were restricted to infants’ first sampling opportunity in 

each block (Figure 4.9D). 
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Figure 4.9. Overview over sampling preferences in Experiment 3. (A) Relationship between 
training condition (coded as the difference between frequency for labeling events for the two 
novel object-label associations) and preference for the more informative option (i.e., the item for 
which frequency of labeling was manipulated). (B) Relationship between training condition and 
preference for the more informative option, as in (A), based on infants’ first selection in each 
condition only. (C) Relationship between training condition (coded in terms of the difference in 
informativeness between the two novel object-label associations) and preference for the more 
informative option. (D) Relationship between difference in informativeness and preference for 
the more informative option, as in (C), based on infants’ first selection in each condition only. In 
each figure, error bars represent 95% CIs for each condition. The blue line represents the 
estimate from the logistic mixed-effects model, with error bands representing +1/-1SEs of the 
model fit. 
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Word Learning Test 

 Overall, infants were able to identify the correct object-label association above a chance 

level of 0.5, M = 57.7%, 95% CI = [51.3%, 64.1%], t(43) = 2.41, p = .02 (Figure 4.10A).  

We first investigated whether children’s accuracy was related to the total frequency with 

which they heard a given object-label association, combining their exposure across the Training 

Phase and the Sampling Phase. We fit a logistic mixed-effects model predicting infants’ trial-by-

trial accuracy from their frequency of hearing a given object-label association during the 

Training Phase, including by-participant and by-item random intercepts and a by-participant 

random slope for word frequency. Children were more accurate for items that were heard more 

frequently during the Training and Sampling Phase, b = 0.14, 95% Wald CI = [0.01, 0.27], z = 

2.15, p = .03 (Figure 4.10B). 

Next, we asked whether children’s accuracy was specifically related to the frequency 

with which they had heard labels during the Training Phase and the Sampling Phase considered 

separately. We fit a logistic mixed-effects model predicting infants’ trial-by-trial accuracy from 

the frequency of exposure during the Training Phase and the frequency of selection during the 

Sampling Phase, including by-participant and by-item random intercepts as well as by-

participant random slopes for each of the frequency predictors. We found more frequent 

exposure during the Training Phase was marginally related to higher accuracy during the 

Training Phase, controlling for frequency of selection during the Sampling Phase, b = 0.14, 95% 

Wald CI = [-0.01, 0.29], z = 1.89, p = .059 (Figure 4.10C). The frequency with which infants 

selected object-label associations during the Sampling Phase did not significantly predict their 

test accuracy, b = 0.12, 95% Wald CI = [-0.23, 0.48], z = 0.69, p = .49 (Figure 4.10D). 
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Figure 4.10. Overview of test accuracy in Experiment 3. (A) Overall distribution of 
participant accuracy, collapsing across all test trials. (B) Relationship between the total 
frequency of labeling events experienced prior to test (both during the Training and during the 
Sampling Phase) and word test accuracy. The blue line represents the (transformed) fit from the 
logistic mixed-effects model predicting participant accuracy from total labeling frequency; error 
bands represent +1/-1 SEs. (C) Accuracy at test depending on the frequency of labeling events 
for a given item during the Training Phase only. Error bars represent 95% confidence intervals. 
(D) Accuracy at test depending on the frequency with which a participant selected the item 
during the Sampling Phase. Error bars represent 95% confidence intervals.  
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Discussion 

Contrary to our predictions, we found no evidence that the relative frequency of labeling 

events influenced infants’ preference for sampling novel object-label associations in a gaze-

contingent sampling task. Infants showed no overall preference for selecting novel object-label 

associations that were experienced less frequently during training, and the difference in 

frequency did not impact infants’ preferences. Note that we also did not observe a significant 

preference for the less-frequently labeled object in any of the four blocks considered separately. 

In fact, the only condition in which infants showed a weak, non-significant tendency towards 

selecting the less frequently experienced object-label association (53.1%) was in the condition in 

which there was a 4:1 ratio between labeling events for the two object-label associations (but 

only when restricting the analysis to infants’ first selections). This is the condition that matched 

the high- and low-frequency manipulation in Experiments 1 and 2, in which we observed a 

similar, small preference for sampling the novel object-label associations in the first block of 

sampling trials (~56% of trials). It is possible that there are “Goldilocks”-type effects in infants’ 

sampling preferences, such that there is a “sweet spot” in which relative informativeness begins 

to inform infants’ choices. However, given that our parametric manipulation of informativeness 

did not significantly modulate infants’ choices, the present results suggest that relative frequency 

has little to no effect on infants’ sampling in the current design. 

One notable difference between the current design of the Sampling Phase and the 

Sampling Phase in Experiments 1 and 2 is that we restricted infants’ choices to two sampling 

trials. This choice represented a compromise between the goal of limiting the potential of past 

sampling events to influence current sampling choices (as in the longer sampling phases in 

Experiments 1 and 2) and the goal of increasing power through repeated trials for each block. 
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However, one consequence of this design may have been that it encouraged infants to alternate 

between their selections, i.e. choose each object once. Indeed, infants showed a slight preference 

towards selecting both object-label associations in a given block (56.6% of blocks). This 

preference for alternating choices is not large, but may have been substantial enough to mask 

potential effects of informativeness. However, note that even if we restrict analyses to infants’ 

selections on the first sampling trial of each block, we do not observe significant preferences in 

sampling, suggesting that infants’ are not strongly drawn to the more informative option in this 

task. 

Infants’ demonstrated some knowledge of the novel object-label associations at the end 

of the experiment. While overall accuracy in a picture-pointing task was modest (~58% mean 

accuracy), infants were asked to track a relatively large number of novel object-label associations 

(8 total novel labels) across the task. Accuracy was generally predicted by the frequency with 

which infants’ experienced a given object-label association, but not by the number of sampling 

choices for a given item alone. In other words, infants were not particularly more likely to learn 

objects that they selected during the Sampling Phase. 

General Discussion 

 Across three experiments, we observed either weak or no evidence that infants are drawn 

to sample more informative object-label associations when given control over their learning 

input in a gaze-contingent design. In two initial studies, we found evidence that infants show a 

weak preference for selecting more informative object-label associations during their early 

sampling opportunities, and may be systematically influenced by the informativeness of their 

options across all of their sampling opportunities. However, in a well-powered third experiment 

with a within-subjects design that ruled out a potential confound in this analysis, we found no 
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evidence that informativeness influenced infants’ choices, and no evidence for preferential 

sampling in general. Thus, although infants’ appear to be selecting object-label associations 

somewhat systematically in the extended sampling phases in Experiments 1 and 2, the results 

from Experiment 3 suggest their choices may not have been driven by the informativeness of the 

object-label associations, and that any effects of informativeness are likely to be small. 

 These experiments represent a first foray into using gaze-contingent eye-tracking to elicit 

sampling preferences from infants, and as such, our conclusions are limited by many of the 

design choices in our gaze-contingent method. Past research has successfully used explicit 

pointing (Begus et al., 2014; Begus & Southgate, 2012) and social referencing (Hembacher & 

Frank, 2017; Vaish et al., 2011) to elicit sampling choices from infants between one to two years 

of age. Our reasoning in developing a gaze-contingent eye-tracking method was that a more 

implicit, gaze-based method may reduce some of the response demands in more explicit tasks 

and allow for more sensitive measurement of infants’ sampling preferences. Based on our current 

results, it is still an open question whether gaze-contingent approaches will prove fruitful in 

measuring infants’ sampling preferences (though see e.g., Miyazaki, Takahashi, Rolf, Okada, & 

Omori, 2014; Tsuji, Jincho, Mazuka, & Cristia, 2020; Wang et al., 2012; Wass, Porayska-

Pomsta, & Johnson, 2011 for related applications of gaze-contingency in infancy research). Two 

aspects of the current design in particular could be improved in subsequent projects. First, our 

design used a binary outcome, namely which of two object-label associations an infant triggered 

during the sampling phase. A design in which infants could collect information in a more 

continuous manner could provide more sensitive measurement of infants’ preferences and 

provide more power in comparisons across condition manipulations. Second, in order to reduce 

the possibility that infants’ choices would be driven by visual preferences alone, we obscured 



 103 

each object behind a screen prior to the gaze-contingent procedure. This likely increased memory 

demands for infants participating in the task, particularly as the number of objects appearing in 

different locations increased in Experiment 3. In chapter 5, we present a novel gaze-contingent 

sampling design that addresses both of these limitations by (a) allowing infants to continuously 

sample label information by fixating a given object and (b) reducing memory demands by 

displaying all object options on the screen throughout the sampling phase. 

Another limitation of the current studies is that they present individual words in 

unambiguous word learning contexts. The manipulation of frequency across object-label 

associations may simply not have been strong enough to elicit a motivation to seek new 

information in infants (though it did successfully modulate older children’s behavior in chapter 

3). In particular, infants’ early word learning environment is characterized by a high degree of 

uncertainty and ambiguity regarding word reference (Clerkin et al., 2017; Medina et al., 2011), 

and infants may be particularly motivated to seek new information following events where 

evidence is confounded or ambiguous (Schulz & Bonawitz, 2007; Vaish et al., 2011). Moreover, 

self-directed learning may be a particularly powerful precisely in circumstances when there is 

high uncertainty in the previously experienced input, so long as learners are able to successfully 

construct learning events that reduce uncertainty or aid in disambiguating past evidence (Coenen 

et al., 2019; Cook et al., 2011; Hidaka et al., 2017). Thus, in chapter 5, we test infants’ 

information-seeking about new words in a context where there is higher uncertainty for some 

object-label associations than others, using a gaze-contingent method that measures infants’ 

sampling preferences in a continuous fashion.  
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Chapter 5: Do infants sample to reduce uncertainty during word learning? 

 When infants encounter new words, they must inevitably be uncertain about the word’s 

reference (Quine, 1960). Even if children can infer that a word refers to a concrete object in their 

environment, they face a complex many-to-one mapping problem. Having just encountered a 

novel word, which of the many objects in the environment does it refer to? Conversely, having 

just encountered a number of different words, which of those words refers to the object currently 

in focus?  

Computational modeling work suggests that being able to control learning in a self-

directed fashion can vastly simplify the problem of identifying novel words, to the extent that 

learners preferentially sample those words that are most useful to learning (Hidaka et al., 2017). 

When confronted with ambiguous or uncertain learning events, sampling object-label 

associations that have the potential to reduce the most uncertainty about reference has the 

potential to vastly improve learning speed and outcomes (Coenen et al., 2019; Settles, 2012). 

Previous research on category learning (Markant & Gureckis, 2014; Markant, Settles, et al., 

2016), causal learning (Coenen, Rehder, & Gureckis, 2015) and word learning (Kachergis et al., 

2013) provide support for the notion that adults make information-gathering decisions that aid 

learning by creating samples that often reduce uncertainty.  

To what extent are infants and children drawn to events that aid in reducing uncertainty 

during learning? There is some evidence suggesting that even children are motivated to reduce 

uncertainty after experiencing ambiguous evidence (Cook et al., 2011; Legare, 2012; Schulz & 

Bonawitz, 2007) or surprising events (Stahl & Feigenson, 2015). For example, children spend 

more time exploring a novel box after experiencing ambiguous evidence regarding how to 

operate the box (Schulz & Bonawitz, 2007), and often create interventions on the box that isolate 
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different potential causal factors in the operation of the box (Cook et al., 2011), i.e. that aid in 

reducing uncertainty about how the box works. A separate line of work has found that 11-month-

old infants are more likely to explore novel objects after watching them occur in a surprising 

physical event, such as appearing to float in the air instead of dropping to the ground (Stahl & 

Feigenson, 2015). Infants’ exploration in these situations often seems to be directed towards 

reducing uncertainty about the objects’ properties, e.g. repeatedly dropping an object that just 

appeared to float in the air. 

However, it remains unclear whether infants are motivated to reduce uncertainty during 

word learning. The experiments in chapters 2 and 3 provided evidence suggesting that children 

will systematically sample novel object-label associations, particularly words that will reduce 

uncertainty about new words (chapter 2). Are infants’ also motivated to sample novel object-

label associations that reduce uncertainty about object-label mappings? In the present 

experiments, we aimed to test infants’ information-seeking strategies in an ambiguous word 

learning situation in which there was uncertainty with respect to the mapping between a given 

object and its label. 

Experiment 1 

Our goal was to design an experiment in which infants could selectively sample object-

label associations that had different levels of uncertainty based on past evidence. In order to 

manipulate uncertainty, we presented infants with object-label information that provided 

consistent evidence for a specific label (i.e., each time infants saw the object, they heard the same 

label) and object-label information that provided inconsistent evidence for a specific label (i.e., 

each time infants saw the object, they heard a different label). The central hypothesis was that 
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infants would seek out more information about previously inconsistently labeled objects, in order 

to resolve the uncertainty in their previous training exposure. 

A second goal in the current design was to develop a gaze-contingent method that created 

more immediate gaze-contingency from the perspective of the learner and allowed for continuous 

sampling (rather than discrete sampling events, as in the studies described in chapter 4). In the 

current design, infants control the duration of their word learning events by fixating a given object, 

which triggers continuous labeling of the object until the infant shifts their fixation away from the 

object. 

Method 

Participants 

Forty 17- to 19-month-old infants (25 female) participated in the experiment (mean age 

=18.0 months, SD = .65). An additional 11 infants were tested but excluded from the analyses due 

to experimenter error (n = 2), infant fussiness (n = 5), calibration or eye-tracking difficulties (n = 

4). All infants were English-learning, full-term infants with no vision or hearing problems and no 

exposure to a second language. Families were recruited from the Madison, WI community and 

received a gift for participating in the study. We additionally collected information on children’s 

receptive and productive vocabulary size using the MacArthur‐Bates Communicative 

Development Inventory: Short‐Form Level I (MCDI I Short Form) (Fenson et al., 2000). 

Stimuli 

The novel objects consisted of four unfamiliar objects from the Novel Object and 

Unusual Name Database (see Appendix A, Figure A2; Horst & Hout, 2016) and ten novel labels 

(beevo, guffy, jeffa, kita, leemu, manu, noopy, roke, sibu, toma). Each object was selected to be 

distinct in shape and color. The images of objects were presented against a white background.  



 107 

All auditory stimuli were spoken by a female native English speaker from Wisconsin in 

child-directed speech. The novel words were normalized for intensity and duration such that the 

duration of all novel words was equal. The words were presented in carrier phrases that were 

normalized for intensity.  

Apparatus and Stimuli Presentation 

Participants were tested using a Tobii T60 XL eye tracker with a sampling rate of 60 Hz 

and displayed on a 20.5’’ screen. The auditory and visual stimuli were presented in PsychoPy 

(Peirce, 2007). Communication with the eye-tracker and gaze-contingent stimulus presentation 

was controlled using the PyGaze toolbox (Dalmaijer et al., 2014). The infants sat on their 

caregivers’ laps approximately 60 cm from the monitor in a sound-attenuated booth. To prevent 

caregivers from influencing infants’ behavior, caregivers wore darkened glasses. A five-point 

calibration sequence was used to obtain a reliable track of participants’ looking location (four 

corners plus center).  

Design & Procedure. 

 The procedure consisted of three phases: a training phase, a sampling phase and a test 

phase. 

 Training Phase. During the training phase, infants heard novel labels paired with 4 novel 

objects. On each trial, an object appeared on the right or left corner of the screen in silence for 

1000 ms. Then, the object rotated quickly to the right and left in a wiggling motion for 1200 ms. 

This wiggling motion was accompanied by speech labeling the object using one of two carrier 

phrases (e.g., Look at the toma. That’s a toma. or See the toma. It’s a toma.). Then, the object 

remained on the screen for an additional 1000 ms in silence before the trial ended and the next 

trial began after an inter-trial interval of 500 – 700 ms (jittered). The novel objects were 
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presented one time each in random order on each block. Each block was followed by a short 

attention getter (i.e., a scene of a natural landscape accompanied by an attention-getting phrase, 

e.g., Wow, look at that! That’s cool!). Infants saw a total of four training blocks, such that each 

object occurred four times in total. 

 The central within-subjects manipulation was the consistency with which each object was 

labeled across the training phase (see Figure 3.1). For two of the novel objects (Consistent 

condition), infants heard a consistent label across all four training trials. For the other two novel 

objects (Inconsistent condition), infants heard four different labels together with the novel object, 

i.e. infants heard a different label with the object on each training trial. This manipulation aimed 

to elicit a situation in which infants had more uncertainty about the object-label mapping for the 

two objects in the Inconsistent condition as compared to the two objects in the Consistent 

condition.  

Four labels (beevo, manu, noopy, toma) served as the ‘true’ labels and were randomly 

assigned to one of the four objects for each participant. We then randomly grouped the objects 

into two sets of two object-label associations and assigned the resulting sets to the Consistent 

condition or the Inconsistent condition. The assignment of a given set of objects was 

counterbalanced across infants such that for each infant that saw two sets of object-label 

associations assigned to the Consistent condition and to the Inconsistent condition, another infant 

was assigned the same object-label association sets with the opposite condition assignment. The 

six remaining labels were randomly assigned to be heard as candidate words for the two objects 

in the Inconsistent condition. The order in which infants heard the labels across blocks in the 

Inconsistent condition was randomized across participants. 
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Figure 5.1. Consistent vs. Inconsistent condition manipulation during Training Phase. 

 

Sampling Phase. In the Sampling Phase, infants had the opportunity to trigger labeling 

events involving the novel object-label associations in a gaze-contingent procedure. All objects 

were labeled consistently with a single label. 

The Sampling Phase began with a trial with familiar objects to train participants on the 

gaze-contingent procedure. They then completed 4 sampling trials with the four novel object-

label associations, with a 10-second attention getting trial (a picture of fish along with engaging 

music) occurring after the first two sampling trials. 

On a given sampling trial, each of the four objects appeared one at a time in random order 

on the screen, with a short attention-getting “popping” sound accompanying the appearance of 
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each object. The objects appeared at a pace of one object every 1000 ms. This introductory 

procedure was designed to draw infants’ attention to each of the four objects and their locations 

on the screen. Next, the objects faded to grayscale and a pulsing green circle appeared at the 

center of the screen, to draw infants’ attention to the center (central fixation; Figure 5.2). The 

pulsing green circle appeared for 1500 ms. Then, the gaze-contingent portion of the sampling 

trial began. Once infants fixated one of the objects for 300 ms, that object would appear in color 

and the accompanying label would begin to play in a continuous loop, with a 200 ms pause after 

the label ended. Each of these sampling events would continue for a minimum of 1000 ms (i.e., 

the duration of a full labeling event) until the infant looked away from the object (as registered 

by the eye-tracker). Once the infant looked away from an object and the sampling event ended, 

the infant could trigger another sampling event by fixating on any of the four objects for 300 ms 

(i.e., re-triggering the previously “sampled” object was allowed). Infants could continue to 

trigger sampling events until 20s had elapsed. 

In order to make the sampling procedure more robust to eye-blinks and brief losses of 

data by the eye-tracker during infants’ continuous fixations, we smoothed across the last 150 ms 

of looking (see e.g., Wass et al. 2013) by treating infants’ current gaze location as the average 

looking location across the previous 150 ms of looking. 
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Figure 5.2. Sampling Phase trial design. 

Results 

Sampling Preferences 

The central question of interest was whether infants would preferentially trigger sampling 

events for objects that had been inconsistently labeled during the Training phase. To test this 

question, we used the lme4 package version 1.1-21 in R (version 3.6.1) to fit a linear mixed-

effects model predicting the average duration of time participants triggered an object from 

condition (Consistent vs. Inconsistent; centered). We included a by-participant random intercept. 

Degrees of freedom were estimated using the Kenward-Rogers approximation (Judd, Westfall, & 

Kenny, 2012). Infants sampled events involving objects from the Inconsistent condition for a 

longer duration than objects belonging to the Inconsistent condition, b = 2975, 95% Wald CI = 
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[903, 5047], F(1,39) = 7.92, p = .008 (Figure 5.3). There was a marginal interaction with 

sampling phase block, such that the effect became somewhat larger during the second half of the 

Sampling Phase (sampling trials 3 and 4) compared to the first half of the Sampling Phase 

(sampling trials 1 and 2), b = 2140, 95% Wald CI = [-335, 4616], F(1,39) = 2.87, p = .098. 

 
Figure 5.3. Overall listening time preference during the Sampling Phase in Experiment 1. 
Colored lines represent individual participants. Error bars represent 95% CIs. 

We also considered alternative dependent variables in evaluating infants’ preference for 

sampling object-label associations from the Inconsistent condition over object-label associations 

from the Consistent condition. We found a similar preference for object-label associations for the 

Inconsistent condition measured in terms of the total number of labels that infants triggered 

(F(1,39) = 9.79, p = .003; Figure 5.4) or measured in terms of the total number of distinct 

sampling events that infants initiated (F(1,39) = 4.75, p = .035). 
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Figure 5.4. Total labels triggered during Sampling Phase in each condition in Experiment 
1. Colored lines represent individual participants. Error bars represent 95% CIs. 

Vocabulary Knowledge and Sampling Preference 

 In order to assess whether vocabulary knowledge was associated with different sampling 

preferences, we investigated the correlation between infants’ preference for object-label 

associations from the Inconsistent condition over object-label associations from the Consistent 

condition (measured in terms of the difference in sampling duration for object-label associations 

belonging to the Inconsistent condition versus the Consistent condition) and infants’ receptive and 

productive vocabulary as measured in the MCDI Level I (short form). We found that infants’ 

receptive vocabulary was correlated with sampling duration preference, such that infants with the 

smallest receptive vocabulary showed the highest preference for sampling object-label 
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associations from the Inconsistent condition, r = -.46, p = .003 (see Figure 5.5). We did not find a 

reliable correlation between sampling preference and productive vocabulary (r = -.20, p = .22). 

 
Figure 5.5. Relationship between listening time preference for the Inconsistent over the 
Consistent condition and infants’ vocabulary size (MCDI Level I). Error bands represent +1/ 
-1 SEs. 

Discussion 

 When given the opportunity to control their learning input, 18-month-olds preferentially 

sampled object-label associations for which they had previously experienced inconsistent 

labeling evidence compared to object-label associations for which they had heard consistent 

evidence. One possible interpretation of these results is that infants will seek to reduce 

uncertainty about novel object-label mappings – infants sampled words that helped resolve 

inconsistency in their past learning experience. These results are consistent with findings from 

other cognitive domains suggesting that infants are motivated to resolve uncertainty in 

previously experienced events (Schulz & Bonawitz, 2007; Stahl & Feigenson, 2015). Using this 
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information-seeking strategy provides infants with a powerful means of resolving the ambiguity 

inherent in many word learning experiences (Medina et al., 2011; Quine, 1960). 

 In investigating individual differences in children’s sampling preferences, we found that 

children with smaller receptive vocabulary sizes were more likely to prefer sampling previously 

inconsistently labeled object-label associations. This result was unexpected – a priori, one might 

have predicted the relationship to operate in the opposite direction, with children with larger 

vocabularies showing stronger information-seeking preferences. One speculative interpretation 

of these results is that children with smaller vocabularies require a larger amount of total 

evidence to overcome their noisy past experience. The 20s sampling trials provided infants with 

a substantial amount of new evidence about the words, potentially allowing rapid learners to 

quickly update their hypotheses about object-label associations. The children with smaller 

vocabularies, on the other hand, might be predisposed to update their hypotheses about object-

label associations more slowly, explaining their stronger preference for object-label mappings 

with previously inconsistent evidence. This explanation – though speculative – suggests an 

intriguing direction for future research into how individual differences in vocabulary size might 

arise from differences in how children weigh past input. 

Experiment 2 

 While Experiment 1 provides initial evidence that infants may prefer to sample object-

label associations that help to resolve uncertainty, there is an alternative interpretation of the 

results in terms of auditory preference. The manipulation of labeling consistency in Experiment 1 

is confounded with frequency of total label exposure in the training phase: participants heard the 

labels for consistently named objects in total more frequently than the labels for inconsistently 

named objects. Thus, infants’ preference for object-label associations from the inconsistent 
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condition during the sampling phase could be driven by the familiarity of the auditory stimuli 

alone, regardless of the relationship between the auditory label and its visual referent. In 

Experiment 2, our goal was to address this confound by manipulating labeling consistency while 

controlling for target label experience between the Consistent and the Inconsistent condition. The 

analytic approach was pre-registered in the AsPredicted format at the Open Science Framework 

(https://osf.io/uv5g8). 

Method 

Participants 

Our pre-registered sample size was fifty-six 17-19-month-old typically developing infants. 

Based on a power analysis using the effect size found in Experiment 1 (dz = 0.44), we estimated 

that our target sample size would give us 90% power to detect an effect of the same size. Fifty-

eight 17- to 19-month-old infants (32 female) participated in the experiment (mean age = 17.7 

months, SD = .56, range: 17.0 – 18.9 months). We oversampled our target sample size by two 

infants due to a slightly higher than expected response rate to our family recruitment efforts. Data 

from 24 additional infants was collected but excluded due to experimenter error (e.g., if parents 

were not properly blinded to the experiment with darkened sunglasses or other procedural errors; 

n = 3), poor or missing calibration (i.e., if fewer than at minimum 3 of the five calibration points 

are not satisfactorily calibrated; n = 1), parental interference (e.g., if the parent talked to the infant 

during auditory portions of the experiment; n = 1), or infant fussiness (e.g., if the experiment ended 



 117 

early because the infant was crying during the experiment or if the infant did not orient towards 

the screen during the Training or Sampling phase long enough to contribute useable data; n = 19). 

 Stimuli 

We used the same visual stimuli as in Experiment 1. We used the same normalized audio 

recordings as in Experiment 1 with carrier phrases and labels recombined to follow the new 

labeling design in the Training Phase (see below). 

Design & Procedure. 

 The procedure was identical to the procedure in Experiment 2, with one modification to 

the training phase. 

 Training Phase. During the training phase, infants heard novel labels paired with 4 novel 

objects. As in Experiment 2, on each trial, an object appeared on the right or left corner of the 

screen in silence for 1000 ms. Then, the object was accompanied by four 1500 ms phrases with a 

300 ms pause between the onset of each phrase.  

The key manipulation was whether the object was consistently labeled (Consistent 

condition) or inconsistently labeled (Inconsistent condition) on each trial (rather than across 

trials, as in Experiment 1). In the Consistent condition, the object was accompanied by one 

labeling phrase (e.g., It’s a manu or That’s a toma) along with three attention getting phrases 

(either Hey look at that! – Do you see it? – That’s cool! or Hey check that out! – Can you see it? 

– It’s neat!). In the Inconsistent condition, the listener heard 4 different labeling phrases (e.g., 

Look at the roke - It’s a manu – See the sibu – That’s a jeffa). The phrases used on a given trial 

in the Consistent and the Inconsistent condition were matched on the number of distinct 

linguistic types and total speech duration. This manipulation ensured that infants heard the “true” 

label assigned to each object on every trial, regardless of condition. 
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The novel objects were presented one time each in random order on each block. Infants 

saw a total of four training blocks, such that each object occurred four times in total. Crucially, 

given the new within-trial manipulation of naming consistency, infants heard each “true” label 

for each object (i.e., the label that reliably occurred when infants triggered a given object during 

the Sampling phase) an equal number of times in both the Consistent condition and in the 

Inconsistent condition during the Training phase (four times each). Labels were randomly 

assigned to objects as in Experiment 1 and the assignment of specific labels to a given object was 

counterbalanced across participants in the same manner. 

Sampling Phase. The sampling phase was implemented identically to Experiment 1. 

Picture Pointing Test. At the conclusion of the experiment, infants completed a 4-

alternative forced-choice (4-AFC) task testing their knowledge of the novel words. The task was 

conducted using a touchscreen monitor outside of the experimental booth. Participants were 

introduced to the task as a game in which they were helping the experimenter find objects. 

Infants were instructed to point towards the screen to make their choice, with the experimenter 

selecting the option that participants pointed towards. The task began with a short warm-up 

phase in which infants were asked to “catch” fish that popped up at various locations on the 

screen by pointing towards them. This phase familiarized infants with the procedure and helped 

encourage infants to interact with the events on the screen through pointing. Next, participants 

completed six 4-AFC pointing trials, two involving the familiar objects from the experiment 

(objects: cat, dog, duck, cookie; target labels: cat, dog) and four trials testing infants’ knowledge 

of the novel object-label associations. On each trial, four objects (either the four familiar or the 

four novel objects) appeared at one of four locations on the screen at random. Next, an audio 

stimulus was presented asking infants to point to a target object (e.g., Where’s the toma?). The 
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four novel labels were tested in random order. We included this task as an exploratory measure 

of infants’ learning, expecting some attrition/ fussiness given the age of our participants and the 

duration of the in-booth experiment. 

Results 

Sampling Preferences 

As in Experiment 1, our main hypothesis was that children would prefer to “sample” 

object-label associations belonging the inconsistent condition (i.e. items that were presented with 

multiple labels during the training phase) compared to object-label associations belonging to the 

consistent condition (i.e. items that occurred with a single, consistent label during the training 

phase). 

 To test this question, we implemented the same model as in Experiment 1. We fit 

a linear mixed-effects model predicting the average duration of time participants triggered 

objects from the fixed effect condition (Consistent vs. Inconsistent; centered), including a by-

participant random intercept. Degrees of freedom were estimated using the Kenward-Rogers 

approximation (Judd et al., 2012). Infants had no significant preference for sampling events 

involving objects from the Inconsistent condition compared to objects belonging to the 

Consistent condition, b = -1161 ms, 95% Wald CI = [-3619 ms, 1298 ms], F(1, 57) = 0.86, p = 

.36 (Figure 5.6). 
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Figure 5.6. Overall listening time preference during the Sampling Phase in each condition 
in Experiment 2. Colored lines represent individual participants. Error bars represent 95% CIs. 

We found similar results analyzing alternative dependent measures of sampling 

preference, namely the total number of distinct sampling events (b = -0.43, F(1, 57) = 0.34, p = 

.56), and the total number of labels triggered for each condition (b = -1.03, F(1, 57) = 1.03, p = 

.31; Figure 5.7). 
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Figure 5.7. Total labels triggered during Sampling Phase in each condition in Experiment 
2. Colored lines represent individual participants. Error bars represent 95% CIs. 

Vocabulary Knowledge and Sampling Preference 

 As in Experiment 1, we investigated the correlation between infants’ sampling 

preferences (the difference in sampling duration for object-label associations belonging to the 

Inconsistent condition versus the Consistent condition) and infants’ receptive and productive 

vocabulary as measured in the MCDI Level I (short form). We found no significant relationship 

between infants’ sampling preference and their receptive (r = -.09, p = .51) or productive (r = -

.05, p = .69) vocabulary (Figure 5.8). 
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Figure 5.8. Relationship between listening time preference for the Inconsistent over the 
Consistent condition and infants’ receptive and productive vocabulary size in Experiment 
2. Error bands represent +1/ -1 SEs. 

Picture Pointing Test 

 84.5% of participants (49 out of 58 infants) successfully completed the picture pointing 

task at the conclusion of the experiment. While infants typically successfully identified the 

familiar objects (M = 60.2%, 95% CI = [48.1%, 72.3%]; chance = 0.25), participants did not 

reliably select the novel target objects above chance (M = 29.9%, 95% CI = [22.4%, 37.3%]; 

t(45) = 1.32, p = .19). 

Discussion 

 In Experiment 2, we sought to address a possible confound in Experiment 1 by 

controlling for auditory exposure across both the consistent and the inconsistent labeling 

condition during training. In a pre-registered experiment with sufficient power to detect an effect 

similar to that observed in Experiment 1, we found no preference for sampling object-label 

associations for which labeling information was inconsistent during training compared to object-
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label associations presented consistently during training. Unlike in Experiment 1, we also 

observed no consistent relationship between infants’ sampling preferences and their receptive 

vocabulary size.  

General Discussion 

 Are infants motivated to reduce uncertainty when learning novel words? The present 

studies sought to address this question by presenting 18-month-old infants with consistently or 

inconsistently labeled objects, and subsequently allowing them to control which objects they 

heard additional labeling information for. In Experiment 1, we found evidence consistent with 

the notion that infants are motivated to reduce uncertainty: 18-month-olds looked longer to 

objects that had been consistently labeled during training. Experiment 2 sought to control for an 

alternative explanation for the results in Experiment 1: since the “true” label for inconsistently 

labeled objects was heard less frequently (on only one out of four labeling events) compared to 

the “true” label for inconsistently labeled objects, perhaps longer looking to the inconsistently 

labeled objects was driven by an auditory preference. To address this possibility, we controlled 

for auditory exposure to the true label across consistently and inconsistently labeled objects in 

Experiment 2. Despite having sufficient power to detect an effect of similar size to Experiment 1, 

we found no significant preference for object-label associations that were inconsistently versus 

consistently presented during training in Experiment 2. 

 The present findings are consistent with three possible conclusions. First, the significant 

finding in Experiment 1 may be spurious or, relatedly, stem from a much smaller effect than was 

estimated from Experiment 1. The current experiments were well-powered for typical practices 

in infant research (Experiment 1: N = 40; Experiment 2: N = 58) and well-powered in general for 

detecting medium effect sizes in a within-participants design. However, it is nonetheless possible 
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that the finding in Experiment 1 represents an overestimate of a much smaller true effect. 

Preliminary results from large-scale replication attempts investigating infant-directed preferences 

suggest that even putatively robust effects in infancy research may be smaller than has been 

previously thought (The ManyBabies Consortium, 2020).  

 A second possibility is that the effect estimated in Experiment 1 captured a true effect, 

but was (mainly) driven by differences in auditory exposure – infants in Experiment 1 were 

simply expressing a preference for auditory labels that had been heard less frequently during the 

previous training period. Once these differences in training exposure were accounted for in 

Experiment 2, there was no longer a significant effect. However, some patterns in the data are 

inconsistent with the conclusion that infant looking was driven solely by auditory exposure in 

Experiment 1. First, this explanation would predict that auditory preferences for inconsistently 

labeled objects (i.e., less frequently heard labels) in Experiment 1 should emerge early in the 

experiment, perhaps in the first or second sampling trial, and subsequently disappear once infants 

had begun to “even out” their auditory exposure across the labels. Contrary to this prediction, we 

observed that infants’ preference for previously inconsistently labeled objects continued in the 

second half of the sampling phase of Experiment 1 (and was, if anything, stronger). Second, we 

observed a strong correlation between infants’ receptive vocabulary size and their preferences for 

sampling object-label associations. While it is plausible that general auditory preferences may in 

some ways be linked to vocabulary size, it seems on its face more plausible that vocabulary size 

should be linked to individual differences in terms of how infants approach word learning – 

suggesting that infants’ sampling preferences were at least to some extent connected to an 

attempt to learn the novel object-label associations. 
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 A third possible conclusion is that infants’ sampling in Experiment 1 was driven by a 

motivation to reduce uncertainty about the object-label associations, but that some other aspect 

of the design in Experiment 2 precluded participants from exhibiting this same tendency. We 

designed Experiment 2 such that, if infants did show a preference for object-label associations 

inconsistently labeled during training, this would constitute strong evidence for our hypothesis 

that infants were sampling words to resolve uncertainty. However, several aspects of the design 

may also have been more challenging for infants than the design in Experiment 1. In particular, 

the training time was substantially longer in Experiment 2 (approximately 3 minutes) compared 

to Experiment 1 (approximately 2 minutes). Moreover, it is possible that the mixed labeling 

design (in which multiple labels are presented for a single object on the same trial) employed in 

the current experiment may have been confusing for infants. While labeling the same object with 

different labels across several training trials, as in Experiment 1, has been successfully used to 

study infants’ word learning under uncertainty (Vouloumanos & Werker, 2009), to our 

knowledge, designs in which many labels are presented for the same object on the same trial 

have not been extensively studied. It is thus possible that presenting multiple labels for the same 

object in close succession was simply overwhelming or distracting for 18-month-olds. It is 

notable that the fuss-out rate for participants in Experiment 2 (19 out of 82 infants, 23.2%) was 

more than twice as high as in Experiment 1 (5 out of 51 infants, 9.8%), possibly due to this 

combination of design decisions making the task in Experiment 2 more taxing for infants. 

 Further research is needed to disentangle these different possibilities. One path forward 

would be to consider simplifying the current manipulation of uncertainty, perhaps by reducing 

the number of different labels and objects, to rule out the possibility that the training design in 

Experiment 2 simply became too long and strenuous for infants. An alternative approach would 
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be to consider manipulating the referential ambiguity of object-label associations (similar to the 

design in Chapter 2), since this has been shown to elicit social referencing behavior even in 

younger infants (Bazhydai et al., 2020; Hembacher & Frank, 2017; Vaish et al., 2011).  

 Many theories of child development posit that young infants are motivated to seek new 

information, particularly when it helps them reduce uncertainty about past and future events 

(Kidd & Hayden, 2015; Stahl & Feigenson, 2019; Twomey & Westermann, 2017). Motivations 

to actively seek new information about ambiguous information would be particularly powerful in 

the domain of word learning, given the ambiguity inherent in many word learning events and the 

vast lexicon that children must learn (Clerkin et al., 2017; Keijser et al., 2019; Medina et al., 

2011). In both chapters 4 and 5, we found some preliminary evidence that infants may be 

motivated to create informative word learning situations, but the overall evidence in the present 

work is mixed. Future research will aim to disentangle the different possible conclusions left 

open in the current work, in order to develop a better understanding of how infants’ curiosity 

supports their early word learning. 
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Chapter 6: Conclusions and open questions 

1. Summary and discussion of the main findings 

1.1. Children and adults sample words that reduce uncertainty. 

 Children are active, curious word learners. The results from chapters 2 and 3 support the 

conclusion that children and adults will sample novel words that reduce ambiguity about object-

label associations (chapter 2) and that children will sample words that are more informative 

based on past training (chapter 3). The tendency to select informative options, observed in the 

study in chapter 3, emerged early, among children as young as 3 years of age. Moreover, in 

chapter 3, we observed evidence that children display graded sensitivity to the informativeness of 

past word learning events, with their preference for selecting informative object-label 

associations increasing as the difference in exposure frequency between their options increased. 

However, children’s tendency to select novel words that reduced ambiguity emerged only at later 

ages in our sample: children began reliably selecting objects presented in ambiguous contexts at 

around 5 years of age in Experiment 2B in chapter 2.  

This difference in the developmental trajectory of the sampling preferences observed in 

chapters 2 and 3 may stem from the increased complexity of learning words in ambiguous 

situations compared to learning words in unambiguous situations (but with varying frequency). 

In particular, children in the cross-situational word learning tasks in chapter 2 appeared to have 

difficulty learning words even when they were disambiguated across the learning trials – what 

items are the most “informative” for children after cross-situational training may vary 

substantially across age, as children’s ability to track and remember information across trials 

increases. An important lesson from these findings is that what a learner may be curious to learn 

about will crucially depend on what they have learned in the past. 
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 The discrepancy in the developmental trajectory observed in chapters 2 and 3 may also be 

related to different factors influencing children’s sampling decisions. In particular, in the design 

of chapter 3, more informative sampling options also tended to be more novel overall, since 

informativeness of sampling options was manipulated in terms of frequency of exposure. In the 

experiments in chapter 2, we attempted to control for factors such as frequency of experience 

more closely, in order to ensure that any difference in sampling preference was due to a 

motivation to reduce ambiguity about novel words. It is possible that making systematic 

sampling choices in these situations, when there are fewer cues aligned towards the same choice, 

requires more sophisticated cognitive machinery, at least when making explicit choices (see 

section 2 for a review of relevant cognitive abilities undergoing development around these ages). 

1.2. Sampling choices are related to word learning. 

 Across the studies in chapters 2 and 3, and to some extent in chapter 4, we also found 

evidence that sampling choices were related to later learning outcomes. Some of this evidence 

was indirect: in chapter 2 (2A), chapter 3, and chapter 4 (Exp 1), we found correlations between 

adults’ and children’s sampling choices and their word learning. Participants tended to perform 

better on words that were selected during the sampling phase. In the study in chapter 3, we also 

found more direct evidence that sampling was related to learning: children who were able to 

actively select their sampling options performed better than participants who experienced the 

same words during the sampling phase, but who had had different initial training on the new 

words compared to their yoked counterparts. This finding suggests that children’s active 

selections were tuned to their past learning – sampling choices led to successful word learning in 

the Active condition, but were less optimal for learners with differing past experience. However, 

a consistent finding throughout the experiments was that making active selections, per se, was 
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not necessarily more useful than passively experiencing those same choices. For example, in 

chapter 3, participants’ performed better on words experienced during the sampling phase, 

regardless of whether they had selected those items (in the Active condition) or not (in the two 

passive conditions). Overall, the findings in chapter 2 and 3 suggest that children’s sampling 

decisions are tuned to their past experience, and that children derive learning benefits from these 

sampling decisions. 

 In the design of the study in chapter 3, children’s word exposure during the sampling 

phase was held constant, while children’s initial training experience was manipulated. A useful 

direction for future research will be to investigate children’s learning while varying their 

sampling experience. One interesting approach would be to compare children’s learning for 

actively selected compared to randomly generated sampling sequences. If children perform better 

when trained on actively selected word input compared to randomly composed training input, 

this would further strengthen our preliminary conclusion that children make selections tuned to 

their learning needs. 

1.3. Mixed or inconclusive evidence that infants sample words systematically  

In chapters 4 and 5, we developed novel gaze-contingent methods to investigate whether 

infants between 17 to 21 months of age systematically seek new information and are motivated 

to reduce uncertainty about novel words. Our current findings present an inconclusive picture. In 

chapter 4, we found initial evidence that infants may have a weak preference for selecting 

informative object-label associations, and be sensitive to the informativity of different sampling 

options in general. However, in a well-powered replication aimed to rule out potential confounds 

in earlier studies, we did not find any evidence that 19-21-month-olds are sensitive to the 

informativeness of novel object-label associations when making sampling decisions. The present 
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evidence suggests that – at least in the gaze-contingent design used in chapter 4 – children are 

not (or, at best, only weakly) influenced by the frequency of their past exposure to different 

object-label associations. 

In chapter 5, we tested whether infants were motivated to reduce uncertainty about 

inconsistent evidence in past word learning events. In Experiment 1, we found that 18-month-

olds showed a preference for sampling words that were labeled inconsistently during training. 

However, in a pre-registered, well-powered second experiment controlling for auditory exposure, 

we found no significant sampling preference for objects that had occurred with multiple words. 

The evidence is therefore currently inconclusive, and more research is needed to determine 

whether infants’ sampling preferences in the current paradigm are robust in general, and if they 

are robust, whether they are driven by motivations to reduce uncertainty about past learning 

experiences. Future work will aim to address these questions by simplifying the complexity of 

the task (reducing the number of objects and labels) and investigating infants’ sampling 

preferences under different uncertainty conditions. 

2. Open questions and future directions 

Together, our current results suggest that children are motivated to seek information 

about new words and can contribute to constructing learning opportunities that support their 

learning process, and mixed or inconclusive evidence with respect to infants’ active information-

seeking tendencies. In the sections below, we briefly outline outstanding questions and 

potentially fruitful avenues for research into children’s active word learning. 

2.1. Manipulating and modeling uncertainty and information-seeking  

 Different manipulations of uncertainty. The four lines of research presented in the 

previous chapters all shared a similar guiding question – how children make selections about 
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what words to learn about next when confronted with options that vary in their potential 

informational value. Across experiments, the potential informativeness of different object-label 

associations was manipulated in three different ways (Figure 6.1): frequency (how frequently an 

object-label association was experienced; chapters 3 and 4); labeling consistency (whether an 

object was given the same vs. different labels across training; chapter 5); and ambiguity (whether 

which particular label went with which object was ambiguous vs. disambiguated across training; 

chapter 2). These manipulations were chosen because each has been shown to impact children’s 

word learning (e.g., Hembacher & Frank, 2017; Roy, Frank, Decamp, Miller, & Roy, 2015; 

Vouloumanos & Werker, 2009) and each manipulation captures different learning scenarios that 

may induce states of uncertainty and/ or curiosity in the word learner. However, each 

manipulation also touches on different aspects of the word learning problem children face. For 

example, in the frequency manipulation, the primary challenge children face is tracking the 

individual object-label associations heard during training, but each object is always 

unambiguously labeled. On the other hand, in the ambiguity manipulations, different objects and 

labels are brought into direct competition with one another and must be disentangled in order to 

successfully learn the novel words. While exploring the implications of these different ways of 

manipulating uncertainty and word knowledge lies outside the scope of the present work, in 

future research, we plan to systematically study the impact of different uncertainty manipulations 

by modeling the different training regimes within the same computational model (e.g., 

Kachergis, Yu, & Shiffrin, 2012).  
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Figure 6.1. Different training manipulations of novel object-label associations used across 
experiments. Frequency of novel object-label pairs was manipulated in the experiments in 
Chapters 3 and 4. Labeling consistency was manipulated in the experiments in Chapter 5. 
Referential ambiguity was manipulated in the experiments in Chapter 2. The thickness of the 
lines connecting objects (colored circles) with labels represents the strength of the association 
between the object and label (i.e., the frequency of co-occurrence). 
 

 Connected to the goal of modeling different uncertainty states within one computational 

framework is modeling what types of decision rules learners implement when seeking new 

information about words. For example, one question is whether learners seek to reduce global 

uncertainty (i.e., focusing on simultaneously reducing uncertainty about all of the new object-

label associations being learned) or local uncertainty (i.e., focusing on reducing ambiguity for a 

more limited set of items) in learning new words. Past work in category learning suggest that 

adults may favor reducing local uncertainty, focusing on comparisons between small sets of 
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items when making their sampling decisions (Markant, Settles, et al., 2016). Our current data, in 

particular the sampling data collected in chapter 2, may represent an interesting test set for 

investigating whether local sampling strategies are also favored during word learning.  

2.2. What developments in cognitive mechanisms support active learning? 

 A key question for future research is advancing our understanding of the cognitive 

mechanisms that allow children to develop flexible information-seeking skills. Two research 

areas that could be fruitfully integrated into current work on the development of active learning 

are research on the development of cognitive control and research on metacognitive abilities. 

2.2.1. Cognitive control.  

Information-seeking on most definitions is a goal-directed activity (Saylor & Ganea, 

2018). In order for children to make goal-directed selections, this would seem to require (a) 

representing the underlying goal of the sampling action and (b) determining an action in the 

service of that goal. Children’s developing ability both with respect to representing and 

maintaining a goal and acting prospectively in accordance with that goal should therefore have 

substantial influence on children’s ability to flexibly and strategically collect information in the 

service of learning. Many of the cognitive skills associated with developing goal-oriented control 

over one’s actions are studied under the concepts of executive functions and cognitive control 

(Munakata et al., 2011, 2012). This research emphasizes the importance of children’s ability to 

represent abstract goal representations in the development of endogenous control over behavior 

(Munakata et al., 2011).  

Two key transitions in children’s cognitive control may be especially important to the 

development of information-seeking skills: the transition from reactive to proactive control - 

children’s ability to plan in anticipation of expected outcomes – and the transition from 
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externally-driven to self-directed control (Munakata et al., 2012). For example, one task that has 

been frequently used to document children’s latter transition is the verbal fluency task. In this 

task, participants are instructed to name as many members of a category (e.g., foods) as possible 

in one minute. Children around the ages of four and five years will often name a limited number 

of category members and perseverate on already-named members, likely because they cannot yet 

effectively activate and switch between goal-relevant abstract representations such as 

subcategories (e.g., vegetables, fruits, etc.) (Snyder & Munakata, 2010). Similar skills in 

representing abstract information-seeking goals and inhibiting previously activated 

representations may be important in children’s ability to strategically search for new information. 

Some initial findings support this prediction: Adams & Kachergis (2017) found that children 

tasked with learning a category boundary by actively sampling exemplars performed better on 

the category learning task when they had higher inhibitory control scores. Future research could 

elucidate the relationship between cognitive control and active learning by studying how 

transitions in children’s executive functioning relate to changes in information sampling 

strategies (e.g., Ruggeri, Lombrozo, Griffiths, & Xu, 2016). 

One interesting question that arises in the context of developing cognitive control is how 

well children can override the competing pull of particularly salient stimuli to make sampling 

choices that are most informative. One way to test this question in the current context would be 

to pit the salience against information gain in the design of a word learning task. In the 

experiments reported here, differences in saliency of competing choices were minimized in the 

design of the experiment and in the selection of stimuli. However, we still saw signs that children 

may sometimes make sampling choices that privilege more salient choices over more 

informative choices (in the sense of choices that provide more information about novel words). 
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For instance, in the practice phase of Experiments 2A and 2B in chapter 2, children often 

selected the familiar, (potentially) more salient known animal items over the (unknown) novel 

alien items. Future experiments could systematically investigate the development of children’s 

preference for saliency over informativeness, and to what degree this tendency hinges on 

children’s developing ability to exert endogenous control over attention. 

2.2.2. Metacognition.  

The development of metacognition – the ability to reason about one’s own mental states – 

is another area that merits further integration with research on active learning. On some 

researchers’ definition, metacognition may be a requisite skill for active learning. For instance, 

Saylor and Ganea (2018) define active learning as “involve[ing] the ability to identify gaps in 

one’s knowledge” (p. 4). There are at least two lines of research that are relevant to 

understanding children’s developing strategies for seeking new information: one focused on 

children’s early explicit judgments about their own uncertainty and learning, and a second line of 

research focused on when and in what contexts infants show the earliest signs of metacognitive 

reasoning.  

In the first line of research, past work has studied the development of explicit 

metacognitive judgments, in particular judgments of learning – explicit assessments of one’s 

own learning and predictions about future performance – and confidence judgments – assessment 

of one’s certainty about a response (Destan, Hembacher, Ghetti, & Roebers, 2014; Lyons & 

Ghetti, 2011). In general, children’s estimates of future performance and confidence in their past 

learning exceeds later test performance (Lipko et al., 2009; Lipko, Dunlosky, Lipowski, & 

Merriman, 2012). However, there is also evidence that even preschool children are to some 

extent able to monitor their own learning, especially with increasing experience on a given task 
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and when judgments are constrained (Lipko et al., 2012; Lipowski, Merriman, & Dunlosky, 

2013). For example, after learning and being asked to recall (without feedback) a set of proper 

names for animals, five-year-olds were presented with a two-alternative forced-choice task in 

which they were asked which of two animals they would be more likely to recall later (Lipowski 

et al., 2013). Children were more likely to choose items that they had successfully recalled in the 

initial test compared to items they had failed to recall, showing sensitivity to their own learning. 

By the age of 6 years, children also devote more time to studying items which they think they 

have not learned well compared to items that they expect to remember when tested (Destan et al., 

2014). 

Children’s judgments of their own confidence or certainty undergo significant 

development (Destan et al., 2014; Lyons & Ghetti, 2011). For example, in one experiment (Baer 

& Odic, 2019), children were asked to make approximate number judgments, deciding which of 

two groups of dots contained more items. Children’s certainty about their own judgements was 

assessed in two different ways. In one task, children were presented with a choice between two 

potential trials, with varying ratios between the two dot groups in the two potential trials (e.g., 

one option was easier while the other required a more difficult judgment). In another, children 

were asked to make approximate number judgements for two trials that varied in difficulty (in 

terms of the ratio between dots), and then asked to decide which of the two they wanted the 

computer to “keep”, i.e. the response that they had more confidence in. Children from 5 years of 

age tended to prefer both selecting and “keeping” easier trials with higher ratios between dot 

groups, while 3-4-year-olds showed no preference between easier and more difficult trials. 

Interestingly, children’s performance on judgements of their own certainty tends to be highly 

correlated and undergo similar development across cognitive domains (Baer, Gill, & Odic, 
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2018). For instance, children’s certainty assessments in approximate number tasks is correlated 

with their certainty judgements about facial cues to emotion (e.g., judging which of two facial 

expressions is “happier”). Thus, past work shows that explicit judgments about one’s own 

confidence and learning undergo significant development across the preschool years, with 

children by the age of 5 showing a more consistent ability to evaluate their own certainty across 

domains. 

A second line of research has investigated when infants show early signs of 

metacognitive reasoning using more implicit task designs. A commonly used approach 

capitalizes on infants’ social referencing – infants’ early-emerging tendency to look for cues 

from social partners to guide behavior (Feinman, 1982; Klinnert, Emde, Butterfield, & Campos, 

1986; Walden & Ogan, 1988). Recent studies have demonstrated that infants and young children 

increase their degree of social referencing when confronted with more ambiguous or uncertain 

events (Bazhydai et al., 2020; Goupil et al., 2016; Hembacher & Frank, 2017; Vaish et al., 2011). 

For example, in a recent study, Goupil and colleagues (2016) demonstrated that 20-month-old 

infants begin to seek out the help of others in instances where they have a high degree of 

uncertainty. In this study, infants had to decide whether a hidden object was located in one of 

two locations. While one set of infants always made their decision with no outside prompting, 

another group of infants was given the option to either respond on their own on a given trial or to 

ask for help from their mother (after having been trained on how to do so in a previous task). 

Infants were roughly 3 times more likely to ask their mother for help on trials in which they were 

given no evidence about the object’s location than when they were given the opportunity to 

observe the hiding event. Furthermore, on trials in which infants observed the object being 

hidden, their likelihood of asking for help depended on the difficulty of the task. The longer the 
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delay between the hiding event and the decision about the object location, the more likely infants 

were to request their mothers’ support. This experiment not only suggests that infants might be 

developing some type of meta-level understanding of their own uncertainty at a young age, but 

also illustrates the information-seeking flexibility and power children are acquiring: by 

developing an understanding of their own state of uncertainty, children now have the possibility 

of actively seeking out help and support from others in the service of reducing their uncertainty.  

2.3. What does active learning look like “in the wild”? 

 One intriguing question for future research is what infants’ and children’s sampling 

strategies look like in more naturalistic settings. Across all of the current experiments, children 

received immediate, contingent supervised training in response to the events they initiate – every 

time they triggered an event, they heard a label for a distinct item. This kind of contingent 

training affords children a great deal of direct control over their experience. How representative 

is this kind of direct control of children’s language experience in general? Are there analogues to 

this kind of experimentally manipulated active control “in the wild”?  

One key to answering this question is understanding the dynamics between children and 

their caregivers. There is a great deal of research indicating that parents adapt their behavior, in 

particular their linguistic utterances, in response to their children’s view, attention, and 

knowledge (Gros-Louis, West, & King, 2014; Matatyaho & Gogate, 2008; Trueswell et al., 

2016; Y. Yu et al., 2018). Early caregiver-infant interactions are often characterized by 

contingent responses from caregivers to infants’ vocalizations that support infants’ early vocal 

learning (Bornstein, Putnick, Cote, Haynes, & Suwalsky, 2015; Goldstein, King, & West, 2003; 

Goldstein & Schwade, 2008; Gros-Louis, West, Goldstein, & King, 2006; Gros-Louis et al., 

2014). Both experimental work (e.g., Horst & Samuelson, 2008) and more naturalistic 
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investigations of caregiver-infant interactions (Yu & Smith, 2012) during word learning suggest 

that infants learn new words best when objects are labeled contingently on children’s attention 

being directed towards the labeled object (so-called “follow-in” labeling). Moreover, caregiver’s 

responses to children’s early vocalizations and pointing behaviors are predictive of later 

language development (Gros-Louis et al., 2014; Wu & Gros-Louis, 2014, 2015). In general, the 

contingent nature of a large proportion of children’s early language experience provides children 

with ample opportunities to actively probe their environment and expect informative answers – 

often delivered by caregivers. 

 However, two substantial caveats are warranted, given the state of current research on 

caregiver-child interactions. First, much of the research cited above is collected from WEIRD 

(Henrich, Heine, & Norenzayan, 2010) communities and the nature of parent-child interactions 

can vary widely across different communities and social contexts (Casillas, Brown, & Levinson, 

2019; Heath, 1983; Hoff, 2006). Second, the fact that there is substantial variability even within 

communities in caregivers’ responsiveness to infants’ attention and information-seeking 

behaviors (e.g., Gros-Louis et al., 2014; Rowe & Goldin-Meadow, 2009) raises the question of 

whether infants adapt their information-seeking behavior to different social environments. An 

intriguing direction for future research is whether – and how - the nature of children’s active 

learning changes in response to the particularities of their social and linguistic environment. 

2.4. What is the right mix of active and passive learning? 

 There has been a wave of excitement for the possible benefits of allowing learners to 

control their input (Castro et al., 2009; Gureckis & Markant, 2012; Markant, Ruggeri, et al., 

2016; Saylor & Ganea, 2018; Settles, 2012). One might think that active learning is simply 

inherently better than forms of learning where the learner cannot directly control their input 
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(though see our results in chapter 3). While many studies have focused on the benefits afforded 

by active learning, most also find limits on the contexts in which active learning leads to superior 

learning outcomes (MacDonald & Frank, 2016; Markant & Gureckis, 2014). When is active 

learning most effective, and what is the right mix of active and passive learning? 

2.4.1. Sampling dilemmas.  

One useful way to conceptualize this question is to think about the composition of 

different samples that might result from active selection of the input versus passive exposure to 

input. Every sampling strategy has benefits and drawbacks, a problem Klaus Fiedler has termed 

the “ultimate sampling dilemma” (Fiedler, 2008). The key insight is that the usefulness of a 

given set of learning experiences will depend on the learning goal currently in focus – the sample 

that is optimal for one learning goal will not necessarily be the most optimal for other goals. To 

illustrate the inherent tradeoffs in any given information-seeking strategy, consider the following 

example. Imagine that a child is learning about the category dog and the category cat. To do so, 

they get to pick out different animals in their environment and ask, “Is this a cat or a dog?” How 

should they go about collecting information about these categories? The answer to this question 

will crucially depend on the problem the learner is trying to solve. 

One potential goal is to learn to optimally discriminate dogs from cats, i.e. to learn the 

precise boundary between the two categories. A strategy that learners could pursue with this goal 

in mind is to focus on the problem cases – the cases where it is difficult to distinguish cats from 

dogs. This strategy leads learners to select exemplars that have the highest uncertainty, given 

their current priors about the two categories. In this example, learners might choose to gather 

information about dogs that look similar to cats and cats that look similar to dogs. While this 

strategy may help a learner figure out where exactly the line is between a cat and a dog, it also 
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means the learner is exposed to a somewhat odd, unrepresentative set of cats and dogs. If these 

are the main examples of dogs and cats that a learner experiences, and they attempt to induce 

what the average dog or the average cat looks like from these exemplars, this will lead to 

representations of the categories dog and cat that do not match the natural statistics of their 

environment. For instance, dogs at the category boundary to cats are likely smaller than the 

average dog and likely have shorter snouts than the average dog. 

On the other hand, if a learner’s goal is to form general expectations about how dogs and 

cats (along with their respective properties) are distributed in the world, what seems optimal for 

the learner in this instance is to encounter exemplars of the categories according to their natural 

occurrence in the environment. It might be most useful, then, for the learner to absorb the 

distributional statistics of dogs and cats in their environment, without distorting those statistics 

by intervening on their learning environment. In other words, learners might benefit most from 

passive learning experience.  

2.4.2. Representing the hypothesis space and active sampling.  

A related issue is that generating samples appropriate to one’s learning goals often requires 

having a good representation of the underlying hypothesis space – to the degree to which there is 

a mismatch between learners’ representations and the underlying structure to be learned, active 

learning may become a less useful strategy (Gureckis & Markant, 2012). For example, in 

Markant & Gureckis (2014), when learners’ task was to learn a category boundary that did not 

match their expectations– a category rule that required integrating across two dimensions rather 

than a (typically more expected) one-dimensional category rule –, receiving randomly selected 

category exemplars proved to be as effective as being able to actively select exemplars. 

Relatedly, learners in active learning tasks often begin with suboptimal sampling strategies 
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before honing in on optimal choices as their understanding of the task grows (Markant & 

Gureckis, 2014; Shanks, Tunney, & McCarthy, 2002).  

2.4.3. Combining active and passive learning.  

One way to circumvent some of the issues with “pure” active learning strategies outlined 

above is to incorporate periods of both passive exposure and active sampling into learning 

experiences. Passive exposure to the natural statistics of the environment may help learners gain 

an understanding of the underlying structures, while active learning allows them to intervene and 

test hypotheses generated based on periods of passive observation. For example, using the same 

category learning task as Markant & Gureckis (2014), MacDonald & Frank (2016) have found 

that first giving learners passive exposure to category exemplars followed by a period of active 

selection leads to better learning than when the order of these conditions is reversed (i.e., active 

learning first, passive learning second). A similar notion is implemented in machine learning 

algorithms that combine active learning techniques with supervised or semi-supervised training 

regimes (Settles, 2012). Note that the design of all of the experiments reported in chapters two 

through five follow the “passive learning first, active learning second” pattern: these experiments 

all begin with an initial (passive) training phase, followed by an active sampling phase that tests 

participants’ information-seeking strategies. Future work could delve deeper into the ways in 

which active and passive learning complement each other by probing the effectiveness of 

different combinations of active selection and passive exposure periods for children’s learning. 

3. Conclusion: Children as active learners in an interactive world 

 In the spirit of the information-seeking strategies at the heart of the present work, it seems 

fitting to conclude not by framing active learning as an answer, but as a question that should 

motivate further inquiry into the dynamics of early learning environments. Re-conceptualizing 
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infants and children as active learners has powerful consequences for how we think about 

development. It brings into focus children’s own agency in the learning process, and the ways in 

which curiosity-driven mechanisms help children discover structure in their environment, not 

only in language development, but across cognitive domains. However, it is important to 

recognize that children’s information-seeking is tuned to a social environment that supports and 

rewards children’s curiosity. Children’s information-seeking strategies only make sense in the 

context of interactive environments that are responsive to children’s questions – through socially 

contingent responses, through caregivers adapting their responses to children’s learning needs, 

through teachers structuring children’s early learning environment in guided play, etc. A 

fundamental challenge for future research will be to understand the interconnected dynamics of 

children’s active learning strategies and the adaptations in environmental structure that make 

those information-seeking strategies effective for learning. Understanding children as active 

learners should not make us mistake them for isolated learners (like the children imagined in our 

cave thought experiment from chapter 1) – active learning works best in a social environment 

that supports curiosity. 
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Appendix A: Visual stimuli 

 

Figure A1. Visual stimuli for Experiments 2A and 2B in chapter 2. All objects drawn from a 
set used in previous word learning experiments with children (Partridge et al., 2015). 
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Figure A2. Visual stimuli for experiments in chapter 3. All objects drawn from a set used in 
previous word learning experiments with children (Partridge et al., 2015). 
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Figure A3. Visual stimuli for Experiments 1, 2, and 3 in chapter 4. All objects drawn from 
the Novel Object and Unusual Name (NOUN) Database (2nd edition) (Horst & Hout, 2016). 
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Figure A4. Visual stimuli for Experiments 1 and 2 in chapter 5. All objects drawn from the 
Novel Object and Unusual Name (NOUN) Database (2nd edition) (Horst & Hout, 2016). 
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Appendix B: Comparing accuracy for yoked pairings in the Active condition and the 
Yoked Passive Exposure Mismatch condition in chapter 3 

 

Figure B1. Differences in accuracy (Active – Passive) for yoked counterparts in the Active 
and Yoked Passive Exposure Mismatch condition, depending on exposure frequency. The 
x-axis corresponds to the frequency of exposure for a given item and participant in the Active 
condition. The y-axis corresponds the frequency of exposure for the corresponding item and 
yoked participant in the Yoked Passive Exposure Mismatch condition. The color fill represents 
the average difference in accuracy between the Active condition and the Yoked Passive 
Exposure Mismatch condition for a given item and yoked pairing. Darker colors represent a 
greater advantage for performance in the Yoked Passive Exposure Mismatch condition, and 
lighter/ yellower colors represent an advantage for performance in the Active condition. To test 
whether exposure difference predicted item-level accuracy difference, we fit a linear mixed-
effects model predicting difference in test accuracy from difference in exposure frequency for a 
given item, including random intercepts for yoked pairing and item. Exposure difference was 
marginally related to difference in accuracy, b = 0.01, F(1, 537.6) = 3.26, p = .07. There was no 
interaction with Block. 
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