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Early numerical knowledge lays the foundation for later mathematics
achievement, career advancement, and daily functioning. Therefore, it is troubling that
mathematics achievement in the United States is especially poor. For this reason, it is
crucial that ways to improve learning outcomes in young children, particularly in the area
of mathematical development are explored. Mathematics is a complex process, which
requires flexible thinking, exploration and analysis of novel, complicated, and real world
problems. Guided discovery is a pedagogical context, which is adult-initiated and child-
directed and promotes flexible thinking, analysis of complex problems- the same skills
required for early mathematical learning. The goal of this study was to examine the
effectiveness of one element of guided discovery- dialogic inquiry- for improving
children’s numerical knowledge when used in a guided discovery setting. Dialogic
inquiry is the practice of asking questions that lead children to think differently about the
mathematical concepts at hand or act differently on the objects in their environments.
Ninety-four preschoolers played a life-sized linear number board game under

three conditions and were randomly assigned to one of three conditions: math-related



dialogic inquiry, math statements, and positive encouragement. Children’s learning from
pretest to posttest was compared on four numerical knowledge outcomes: number line
estimation, magnitude comparison, arithmetic, and ordinality. Additionally, children’s
mathematical talk and behavior during board game play were compared across
conditions.

Children in the dialogic inquiry condition improved more than children in the
math statements and positive encouragement conditions on arithmetic performance.
Children in the math statements condition declined in performance on magnitude
comparison significantly more than children in the dialogic inquiry and positive
encouragement conditions. Lastly, children in both the dialogic inquiry and math
statements conditions outperformed children in the positive encouragement condition on
ordinality. There were no significant differences between conditions for mathematical
talk and behavior. Understanding the specific mechanisms, such as dialogic inquiry,
which contribute to the effectiveness of guided discovery will improve the
implementation of guided discovery pedagogies aimed at improving numerical

knowledge.
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Chapter 1: Introduction
Statement of the Problem

In a time when strong mathematical skills are vital for career advancement and
daily functioning (National Research Council, 2001), only 40% of 4™ graders score
Proficient or higher on national standardized tests of mathematics (Department of
Education, 2015). For this reason, it is imperative that we explore how to improve
learning outcomes in young children, particularly in the area of mathematical
development (Clements & Sarama, 2007; Fisher et al., 2012; Kamii & Dominick, 1997;
Marcon, 2002). Mathematics is a complicated process, which requires flexible thinking
and exploration and analysis of novel, complex, and real world problems (Fisher et al.,
2012; Griffin, 2003; Schoenfeld, 1992). Guided discovery is a pedagogical context,
which allows for the exploration and active engagement with materials, the invention and
analysis of concepts and procedures, the testing of new ideas, and the flexible thinking
about potential solutions to novel problems in an adult-initiated learning environment
(Fisher et al., 2012). Putatively, guided discovery may lead children to discover
mathematical principles, and more importantly, allow them to learn how to learn
(Bruner, 1961; Hirsh-Pasek et al., 2009).

However, definitions of guided discovery vary widely across the literature, and
therefore, there is lack of consistency in the operationalization of guided discovery.
Broadly, guided discovery focuses on contextualized learning and promotes child-
directed discoveries and active exploration of children’s learning environments
(Weisberg, Hirsh-Pasek, Golinkoff, Kittredge, & Klahr, 2016). In applying guided

discovery to mathematical learning, allowing the child to discover the targeted



mathematical principle or concept is a key element in guided discovery interventions
aimed at improving children’s mathematical understanding. To achieve this goal, adults
commonly use dialogic inquiry — the practice of asking questions that lead children to
think differently about the mathematical concepts at hand or act differently on the objects
in their environments (Ash & Wells, 2006). A review of the literature reveals that
dialogic inquiry is often included as an element of guided discovery in studies
investigating the effectiveness of guided discovery (e.g. Anastasiow et al., 1970; Fisher,
Hirsh-Pasek, Newcomb, & Golinkoff, 2013; Hiebert & Wearne, 1996; Lillard & Else-
Quest, 2006; Marcon, 1993; 2002; Olander & Robertson, 1973; Rittle-Johnson, 2006).
However, dialogic inquiry has rarely been systematically isolated and its contribution to
the effectiveness of guided discovery for improving mathematics outcomes has not been
tested (c.f. King, 1991; Rittle-Johnson, 2006).

A consensus on the definition of guided discovery needs to be solidified in order
to advance the study of guided discovery for improving mathematics learning. To
accomplish this goal, systematic testing of the specific mechanisms, such as dialogic
inquiry, by which guided discovery improves mathematical understanding is needed. If
specific mechanisms are isolated and identified as integral to the construct of guided
discovery, a more consistent and clearer definition of guided discovery could be agreed
upon. Therefore, studies that systematically isolate and test the various elements of
guided discovery are crucial for building our understanding of guided discovery and for
informing evidence-based interventions for improving mathematics understanding.

Study Rationale



Many early childhood educational approaches and curricula emphasize the
importance of using of dialogic inquiry for improving young children’s mathematical
understanding. For example, Montessori is an educational approach that emphasizes
teachers guiding and supporting children’s interests in order to allow for greater student
agency in order to promote discovery and engagement, and ultimately learning
(American Montessori Society). Similarly, Math Talks is an educational strategy that
shifts the teacher’s focus from being the sole authority and arbiter of information to being
a facilitator and questioner in order to help students make sense of mathematical relations
(Parrish, 2011). The Pre-K Mathematics Curriculum specifically provides suggestions
for scaffolding children’s learning when they are struggling to grasp a mathematical
concept (Klein & Starkey, 2002; Klein, Starkey, Clements, & Sarama, 2007). Dialogic
inquiry is a widespread practice in early childhood classrooms because it is believed to be
extremely effective (American Montessori Society; Klein & Starkey, 2002; Parrish,
2011).

Specifically, dialogic inquiry may be particularly effective for improving young
children’s mathematics understanding because it encourages linguistic interactions
between children and more expert others during which skills and knowledge can be co-
constructed, and ultimately internalized by the child to expand the child’s capabilities and
understanding (Fivush, Haden, & Reese, 2006). Indeed, this socially mediated learning
occurs during parent-child interactions. Researchers have found that maternal talk is
instrumental in developing children’s memory — specifically, their ability to encode and
retrieve information (Ratner, 1984; Rogoft, 1990). Further, there are individual

differences in maternal elaboration during parent-child interactions with more elaborative



mothers providing rich details about shared experiences and notably, asking many open-
ended questions, which invite children to participate in the conversation (Fivush &
Fromhoff, 1988). This highly elaborative maternal reminiscing style contributes not only
to children’s encoding and retrieval capabilities, but also to their complex language and
literacy skills (Peterson et al., 1999; Reese, 1995; Sparks, Reese, & Kalia, 2005;
Srivastava, Reese, & Newcombe, 2004; Snow, 1983). Researchers found that mothers
provided more information with each subsequent open-ended question asked, and in
doing so, engaged their children in the process of story construction.

As in the maternal elaboration literature, math-related dialogic inquiry may more
effectively invite children to participate in the conversation about mathematical concepts.
This experience may lead to co-construction of children’s mathematical understanding,
which may ultimately be internalized and incorporated into the children’s individual
repertoires. Despite the potential practical and theoretical support for dialogic inquiry, to
my knowledge, no studies have specifically examined the contribution of dialogic inquiry
to the effectiveness of guided discovery in young children. The goal of the current study
is to experimentally test the effect of math-related dialogic inquiry in a guided discovery
setting on preschoolers’ mathematics learning. Understanding the specific contribution
of dialogic inquiry to guided discovery will allow for the development of a clearer,
evidence-based definition of guided discovery.

The current study specifically focused on the domain of numerical magnitude
knowledge because it is an important foundational mathematical area, which is predictive
of more advanced and crucial indicators of mathematical understanding, such as

arithmetic understanding and mathematical achievement (Siegler, 2016). Previous



studies on guided discovery have examined a variety of mathematical domains, but none
tested the effective of dialogic inquiry on numerical magnitude understanding. Thus, the
current study helps to explain when and why guided discovery pedagogies are effective,
and thus, aids in the development of developmentally appropriate, evidence-based
interventions, which could bolster children’s numerical magnitude understanding at an
early age.
Study Design

The proposed study tested the effects of the use of math-related dialogic inquiry
in a guided discovery setting on children’s numerical magnitude knowledge. The goal of
the study is to examine how varying the kind of questions or input the children received
would influence their learning and behavior while playing the same math-related game.
Preschool-age children were randomly assigned to one of three conditions: 1) the math-
related dialogic inquiry, 2) the math statements, or 3) the positive encouragement
condition. Children in all three conditions played a number-based game one-on-one with
an experimenter. The game was a life-sized 1-10 linear number board game. Previous
research has shown that the regular-sized version of the same game successfully
improves preschool children’s numerical knowledge (Ramani & Siegler, 2008; Siegler &
Ramani, 2008). In the present study, the game board will be enlarged (12 x 1 ft; 3.66 x
0.30 m) so that the child and experimenter played as if they were the game pieces moving
across the board. In this way, children received exaggerated kinesthetic cues about
numerical magnitude (Fischer, Moeller, Huber, Cress, Nuerk, 2015) in an effort to

promote their discovery of mathematical principles. Additionally, children in all



conditions benefited from the same strategically enhanced materials — an important
element of guided discovery — through use of the life-sized board game.

At the start of each turn, children spun a spinner containing the numerals 1 and 2
to indicate how many spaces they should move. Then the experimenter and child
alternated taking turns until someone reached the space containing the number 10. For
all children, at the start of the game, the experimenter asked the children what their
favorite playground activity was. The experimenter then referenced this activity (e.g. the
swings) as the goal of the game by saying that the child and the experimenter were going
to race to “the swings”, which was all the way at the end “where the 10 is”. In this way,
contextualized learning — another important element of guided discovery - was used in
the interactions with all children. Children in all conditions were prompted to say the
numbers they spun on the spinner (i.e. “one” or “two”) and to say the numbers in the
spaces as they moved (e.g. “four, five”). Children were always offered the first turn of
each game, and experimenters maintained a positive affect in both conditions and
throughout the course of the interactions. All groups of children received encouragement
throughout the game (e.g. “You are really moving along!”).

Children were randomly assigned to the math-related dialogic inquiry, math
statements, or the positive encouragement condition. Children in the math-related
dialogic inquiry condition were asked questions by the experimenter with the aim of
helping the child to discover mathematical concepts and relations while playing the
game. For example, questions that were asked include “How many spaces ahead of me
are you?” and “Who is leading?”. Children in the math statements condition were not

asked questions, but rather heard statements from the experimenter that related to the



mathematical concepts in the game. For example, statements that were made include
“You are four spaces ahead of me!” and “You are leading!”. Children in the positive
encouragement condition heard an equal number of encouraging, game-related questions
and statements from the experimenter that were non-mathematical in nature. For
example, questions and statements that were given include “Let’s hope you get a good
spin!” and “What color are you on?”. Due to the nature of these conditions, children in
the mathematical statements condition were not offered the opportunity to discover
mathematical concepts for themselves, however children in both the dialogic inquiry and
positive encouragement conditions were afforded the opportunity to discover
mathematical concepts for themselves.

Children’s learning over the course of the study was assessed using a pretest-
posttest design. Specifically, children’s number line estimation, magnitude comparison,
arithmetic, and ordinality understanding were measured. In addition to using pretest and
posttest measures to assess children’s learning, all game-play portions of the
experimenter-child interactions were video-recorded, coded, and analyzed. This
observational data recorded during game play was coded to examine children’s
mathematical talk and behavior during game play.

Research Aims and Hypothesis

Broadly, the goal of this study was to examine the effectiveness of math-related
dialogic inquiry when used in a guided discovery setting. It was expected that children in
the math-related dialogic inquiry condition would learn more about numerical magnitude

and other related mathematical skills than children in the math statements and the

positive encouragement conditions. This was predicted because it was expected that



children in the math-related dialogic inquiry condition would be prompted to talk more
about and to make more connections relating to mathematical elements during the game,
such as comparing numbers of spaces.

Aim 1) To examine the effect of math-related dialogic inquiry in a guided
discovery setting on children’s numerical magnitude knowledge. Children’s
numerical knowledge was assessed immediately before children played the board game
for the first time and immediately following the second time children played the game.
Manipulating the presence of dialogic inquiry in an otherwise rich guided discovery
context allowed for the examination of the effect of math-related dialogic inquiry in a
guided discovery setting on children’s numerical magnitude knowledge. It was
hypothesized that the use of dialogic inquiry above and beyond the use of math-related
statements and general positive encouragement would improve children’s numerical
magnitude understanding because children were prompted to reflect on questions relating
to magnitude throughout the game. The math-related dialogic inquiry may have also
encouraged them to discuss these mathematical concepts with the experimenter, which
may not have been the topic of discussion without the experimenter’s intentional
prompting. This reflection and discussion may have given children practice thinking
about and using mathematical concepts during game play, which may have in turn,
improved their posttest scores above and beyond the scores of children in the math
statements and positive encouragement conditions.

Aim 2) To examine the effect of math-related dialogic inquiry in a guided
discovery setting on children’s mathematical talk and behavior while playing a

linear number board game. Child-experimenter interactions were recorded, coded, and



analyzed to measure children’s mathematical talk and behavior during game play. It was
hypothesized that the use of math-related dialogic inquiry compared to math-related
statements and positive encouragement would increase children’s mathematical talk
because it would prompt them to talk more about mathematical concepts and numerical
relations while playing the board game with the experimenter. Likewise, it was also
hypothesized that the math-related dialogic inquiry compared to math statements and
positive encouragement would prompt the children to more accurately perform
mathematical behaviors during the game (e.g. moving the correct number of spaces) and
to more accurately answer math-related questions because they were prompted by the
experimenter to attend to the mathematical content of the board game.

Aim 3) To examine the relation between child mathematical talk and
behavior during the board game and improvements on pretest/posttest assessments.
It was hypothesized that math-related dialogic inquiry compared to math statements and
general positive encouragement would bolster children’s numerical magnitude
understanding across sessions and increase children’s mathematical talk and behaviors
during game play. If this hypothesis is supported, it may be that math-related dialogic
inquiry increased talk and behavior during game play, which may consequently be related
to greater improvements in children’s numerical magnitude understanding from pretest to
posttest. Children’s increased verbal and behavioral practice with mathematical concepts
during game play may have lead to gains in mathematical knowledge, which may be
reflected in their improvements on the math assessments from pretest to posttest. In other

words, it was predicted that children’s mathematical talk and behavior would mediate the



relation between math-related dialogic inquiry and pretest-posttest improvements in
children’s numerical magnitude understanding.
Contribution to the Field

Guided discovery is a developmentally appropriate setting for children that is
conducive to mathematical learning. However, few studies have examined the specific
mechanisms that make guided discovery an effective setting. Many contemporary
theorists and researchers, building off the classic developmental theories, have been
proposed several reasons why guided discovery can be beneficial for children. Piaget
(1952) posited that learners build on their existing understanding through their
interactions with other people. By engaging in conversation with others, learners are able
to actively construct knowledge (Piaget, 1952). Vygotsky (1978) furthered this idea by
contributing the notion of the more expert other helping the child to learn within their
ZPD. Educators can scaffold children’s learning through dialogic inquiry by asking
questions that lead children to think differently about the concepts at hand or act
differently on the objects in their environments (Ash & Wells, 2006). For example,
researchers compared fifth-graders’ abilities to solve figural-spatial problems with
partners under three conditions (King, 1991): (a) guided questioning, in which students
were provided with a list of strategic questions to ask each other; (b) unguided
questioning, in which students were simply instructed to ask and answer questions with
their partners; and (c) a control condition, in which children received no instructions
about questioning. Guided questioners outperformed unguided questioners and students
in the control on both a written test of figural-spatial problem solving and on a novel

spatial computer task. In this study, the teachers encouraged dialogic inquiry to promote
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problem-solving success, to teach students how to be strategic problem solvers, and how
to request and provide helpful elaboration during problem solving (King, 1991).
However, to our knowledge, the present study was the first with a manipulation of math-
related dialogic inquiry, which isolated its effect on young children’s numerical
magnitude understanding in a guided discovery setting.

Further, this study extends the current literature on guided discovery and
mathematical understanding by examining a novel mathematical domain. The range of
mathematical domains examined in the guided discovery studies is relatively diverse,
however, there are a few notable areas that are important for children’s early
mathematical understanding, including numerical magnitude, which had yet to be
explored. Thus, this study focused on numerical magnitude understanding, which is a
crucial part of children’s mathematical development and predictive of later math
understanding and achievement (Siegler, 2016). In sum, this exploration of the effect of
math-related dialogic inquiry on children’s numerical magnitude understanding helps
researchers understand when and why guided discovery pedagogies are effective. This is
an important step toward the inclusion of evidence-based practices and interventions in

the classroom, which could benefit young children’s mathematical understanding.
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Chapter 2: Review of the Literature

Overview

This review presents the research to date on the effects of guided discovery on
children’s mathematical understanding in classrooms. The synthesis of these findings
reveal common themes that influence whether guided discovery is effective and factors
that need to be considered when using guided discovery in the classroom. These factors
include the use of contextualized learning and child discovery of mathematical concepts
during guided discovery activities. In this review, I first define guided discovery and
provide a context for the emergence of guided discovery as a pedagogical tool for
improving children’s mathematical learning. I then discuss the theoretical underpinnings
that outline the mechanisms that are likely involved in why guided discovery is an
effective pedagogical approach. Next, I describe the search methodology used in this
review, present the results of the literature search, and discuss common themes found
across the studies, including the role of dosage, learning mechanisms, mathematical
domains, and levels of intervention implementation on the benefits of guided discovery.
Furthermore, little is known about the effect of individual differences on the effectiveness
of guided discovery activities, and therefore, this is explored in this review. I will then
identify gaps in the current body of research surrounding guided discovery and
mathematical understanding, and recommend future directions for research. To
conclude, I will present a broader discussion of the findings.

Definition of Guided Discovery
Guided discovery (Anastasiow, Sibley, Leonhardt, & Borich, 1970; Kersh &

Wittrock, 1962; Peters, 1970) has also been called “assisted discovery learning” (Alfieri
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et al., 2011), “discovery instruction” (Cantor et al., 1982; Olander & Robertson, 1973,
Worthen, 1968), “enhanced discovery” (Alfieri et al., 2011), “generation” (Chi, de
Leeuw, Chiu, & LaVancher, 1994; Schwartz, & Bransford, 1998), “elicited explanation”
(Rittle-Johnson, 2006), “inquiry based” (Papert, 1980; Rutherford, 1964; Kirschner,
Sweller, & Clark, 2006), “hypothetical mode” (Bruner, 1961), “child-centered” (Stipek,
Feiler, Daniels, & Milburn, 1995), and “developmentally appropriate” (Burts, Hart,
Charlesworth, & DeWolf, 1993). For this reason, the studies of researchers that
examined the construct of guided discovery as defined above, despite the authors’
particular label for the approach was included in this literature review. A thorough
comparison of the above definition and the authors’ descriptions of their guided
discovery conditions in their methods was conducted to ensure the inclusion of all
research relevant to this review.
Distinguishing Guided Discovery From Play And Exploration

It is important to note that guided discovery is often called “guided play” in the
early childhood pedagogy literature. This is a misnomer because guided discovery
differs from play in many different ways. Play is defined as voluntary and intrinsically
motivated, and thus not driven by social demands or appetitive drives (Rubin, Fein &
Vandenberg, 1983). Play is spontaneous, is not constrained by rules or external
influences, and has no specific end-goal. Play requires active engagement and is also
non-literal and often involves an element of pretense (Rubin et al., 1983). Like play,
guided discovery involves active engagement, however, in every other respect, it differs.
Furthermore, guided discovery is distinct from exploration. Whereas exploration is the

process of asking of a novel person or object “What does this object/person do?” (Hutt,
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1970; Rubin et al., 1983). Guided discovery does not necessarily involve the use of novel
objects and definitely does not involve novel persons. Although exploration may initially
occur during a guided discovery activity when a novel objects is presented, guided
discovery is defined by the structure of the activity (i.e. child-directed) rather than the
presence of exploration. Exploration may or may not be an aspect of a guided discovery
activity.
Guided Discovery as a Pedagogical Tool

The purpose of this section is to situate guided discovery in the broader literature on
pedagogy. A high quality program is paramount in the education of young children
(Pianta et al., 2009). High quality programs are developmentally appropriate and have
low caregiver turnover (Vandell & Wolfe, 2000). Caregivers in high quality programs
are sensitive, responsive, have higher level of education and job-specific training, and
regularly participate in health and safety practices in the classroom. Furthermore, high
quality programs maintain a low child to adult ratio and provide children with
experiences to improve their cognitive, motor, creative, and social development (Vandell
& Wolfe, 2000). However, the best way to present curricular content is still being
debated (Fisher et al., 2012) with varying views on how didactic versus child-centered
classroom instruction should be.
Direct Teaching

In preschool classrooms, direct instructional approaches are traditionally favored

because of the belief that the approach is efficient and facilitates learning when delivering
specific content (Stockard & Engelmann, 2008). Direct teaching is a method of teaching,

during which teachers initiate and guide the direction of the activities. Direct teaching
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emphasizes techniques such as rote memorization and repeated practice of basic skills,
such as the recitation of the count sequence (Fisher et al., 2012). Indeed, some
researchers have found that children learn more in a variety of academic, social and
physical domains under a direct teaching pedagogy compared to a free choice setting, in
which children choose and direct their activities. For example, in a meta-analysis of 108
studies, researchers demonstrated that direct instruction is significantly more effective
than free choice for improving mathematics, literacy, science, problem solving,
computer, physical/motor, and social skill outcomes (d = -0.38, 95% CI [-.44, .31];
Alfieri, Brooks, Aldrich, & Tenenbaum, 2011). Likewise, researchers found that
kindergarteners in a direct teaching group outperformed their peers in guided discovery
and passive control groups on measures of probability understanding during immediate as
well as delayed posttests (Cantor, Dunlap, & Rettie, 1982). Children in the direct
teaching group observed an experimenter dropping a ball onto a checkerboard, making
observations about what color the ball landed on, and making predictions about what
color the ball would land on in subsequent drops compared to children in the guided
discovery group who performed all of these steps themselves without feedback from the
experimenter (Cantor et al., 1982). Although no feedback about probability was
provided, the activity was guided in that children were given guidance on how to
complete the activity. Experimenters told students to choose which checkerboards to use,
to discuss predictions about where the ball would land, and to record observations.
Free Choice

On the other end of the spectrum, free choice is defined as a pedagogy, which

allows children to choose and direct their own activities. Although free choice is
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sometimes referred to in the literature as “free play”, it is distinct from play in that it can
be literal and includes children’s participation in games. Both free choice and play are
child-centered approaches, however the inclusion of literal activities and games in the
free choice pedagogy precludes it form being classified as free play. There is a large
body of work indicating that free choice is crucial for the development of children’s
academic, social, and emotional skills when used as a pedagogical approach (Seo &
Ginsburg, 2004). For example, the frequency and complexity of block building during
free choice time is associated with greater visual-spatial skill (Caldera et al., 1999). In a
separate, longitudinal study, researchers found that the complexity of block building
during preschool predicted the number of math and honors courses taken in high school
as well as later mathematical achievement (Wolfgang, Stannard, & Jones, 2001).
Observational studies have shown that children dedicate a substantial amount of time to
mathematical activities during free choice time (Bjorkland, 2008). For example, Seo and
Ginsburg (2004) observed the frequency with which 4- and 5-year-olds engaged in math-
related activities during free choice time in preschool classrooms, which offered a variety
of materials — math-related or otherwise. They found that children spend nearly half
(47%) of their time engaged in a variety of mathematical activities. Children spent 25%
of their time incorporating shapes and patterns into their play, 13% comparing
magnitudes, 12% on enumerating amounts, 6% on dynamic change, 5% on spatial
relations (e.g. locations, measurements), and 2% on classification of objects. These
findings suggest that in preschool classrooms that often offer a variety of materials free
choice time does provide children with the opportunity to engage in rich and varied

mathematical experiences.
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The respective merits of both free choice and direct teaching are extensive and
undeniable. Both free choice and direct teaching pedagogies are uniquely beneficial for
children’s mathematical development (Becker & Gersten, 1982; Bereiter, 1986; Carnine,
Carnine, Karp, & Weisberg, 1988; Gersten, Darch, & Gleason, 1988; Hirsh-Pasek &
Golinkoff, 2008; Meyer, Gersten, & Gutkin, 1983; Singer, Golinkoff, & Hirsh-Pasek,
2006; Stockard & Engelmann, 2008). However, this literature review will focus
exclusively on benefits of guided discovery as a pedagogical approach for mathematical
learning in young children to synthesize an emerging and promising area of

developmental research.

Guided Discovery

Guided discovery is an exploration-based learning approach that incorporates
aspects of both free choice and direct instruction in terms of structure (Bergen, 1988;
Epstein, 2007; Golbeck, 2001; Hirsh-Pasek, Golinkoff, Berk, & Singer, 2009). Through
guided discovery, expert partners, such as teachers, can scaffold children’s learning by
interacting positively with children, commenting on and questioning discoveries, and
creating games with intentional curricular goals. There is evidence that children naturally
engage in mathematical activities during free choice time (Bjorklund, 2008; Seo &
Ginsburg, 2004), however, others argue that free choice time does not elicit exploration
of intended concepts (Sarama & Clements, 2009), and that adult guidance is paramount
in the development of children’s complex knowledge (Brown, McNeil, & Glenberg,
2009). Theoretically falling between direct instruction and free choice, guided discovery

has filled a crucial gap in the pedagogy literature, leading to the discovery of many
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benefits for children’s learning in multiple content areas.

As a pedagogical approach, guided discovery has been used to enhance young
children’s social, emotional, and cognitive development (Diamond et al., 2007; Lillard &
Else-Quest, 2006; Weisberg et al., 2013), including mathematical understanding
(Clements & Sarama, 2007; Fisher et al., 2012; Kamii & Dominick, 1997; Marcon,
2002). Guided discovery has been shown in correlational and experimental studies to be
effective in improving learning outcomes in a variety of domains: self-regulation
(Diamond et al., 2007), vocabulary development (Han, Moore, Vukelich & Buell, 2010),
literacy (Tsao, 2008), and shape learning (Fisher et al., 2013). In one meta-analysis
examining 56 studies, guided discovery was shown to be superior to direct teaching and
free choice for improving mathematics, literacy, science, problem solving, computer,
physical/motor, and social skills (d = 0.30, 95% CI [.23, .36]; Alfieri et al., 2011). There
is a large amount of evidence supporting the notion that guided child-centered learning
pedagogies promote better academic outcomes compared to traditional teacher-centered
direct teaching pedagogies.

Comparing and Contrasting Pedagogical Approaches

Pedagogical approaches are classified by who initiates and who directs activities
(Weisberg et al., 2016; Table 1). For example, free choice is both child-initiated and
child-directed; children decide what to do with and how to participate. In contrast, direct
instruction is adult-initiated and adult-directed; adults decide what the children will use in
their activities and how the children will participate. Guided discovery is situated
between free choice and direct instruction in that is adult-initiated, but child-directed.

That is, adults set the framework for learning in which children are free to explore.
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Children direct the actions they want to take within the adult-structured environment. As
with free choice, guided discovery allows for children to be active participants and
leaders in their own learning, but retains the important element of the adult-designed
learning framework (Hirsh-Pasek et al., 2009; Weisberg et al., 2015; Weisberg et al.,
2016). For the purposes of this review, guided discovery will be defined as adult-
initiated and child-directed learning activities, which incorporate at least one of the
following key elements: child choice, dialogic inquiry, active engagement, strategically

enhanced materials, child discovery of target concepts, and contextualized learning.

Theoretical Background

Piaget’s constructivist theory, in conjunction with Vygotsky’s sociocultural
approach, serve as the theoretical foundation and motivation for research on guided
discovery. Both Piaget and Vygotsky recognized the child as an active agent in her
development (Piaget, 1964; Vygotsky 1962). Piaget famously stated that “to know an
object is to act on it” (1964, p.176), and Vygotsky agreed that “in the beginning was the
deed” (1962, p. 153). Like free choice, guided discovery allows for the active
involvement of the child in her own learning through the direction of her actions, choices,
and discoveries. Children, in direct teaching settings, are situated in the more passive
learning role of receiving the information the teacher is giving, rather than transforming
the knowledge for themselves. Piaget and Vygotsky also agreed that child development
is not only active, but also interactive (Piaget, 1947; Vygotsky, 1978). According to
Piaget (1947), “the individual would not come to organize his operations in a coherent
whole if he did not engage in thought exchanges and cooperation with others.” (p. 174).

Vygotsky (1978) also stated his belief that “all the higher functions originate as actual
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relations between human individuals,” (p. 57). Both theorists agreed that interactions
with the environment — of which people are a part — are necessary for cognitive growth.
According to Vygotsky (1978), children learn within their zone of proximal
development (ZPD), which he defined as "the distance between [a child's] actual
developmental level...and the level of potential development...under adult guidance" (p.
86). He argued that learning takes place within the ZPD because caregivers, such as
teachers, provide guidance, which allows children to participate in way that they could
not on their own. As a result of this adult scaffolding, children are able to acquire
knowledge that they would not have discovered on their own. Guided discovery settings
provide educators with opportunities to scaffold children’s learning experiences in at
least two ways (Berk, 2001): (1) through the use of strategically enhanced materials and
(2) through dialogic inquiry (Ash & Wells, 2006). Using strategically enhanced
materials, teachers might enrich children’s environment with objects, toys, or other
materials such as books, which could assist in children’s discovery of mathematical
principles. For example, adults may place The Great Race — a linear number board game
shown to improve children’s magnitude understanding similar to a 1-10 version of Chutes
and Ladders without the chutes and ladders (Ramani & Siegler, 2008) in a child’s
environment in order to improve children’s magnitude understanding. Second, adults
might engage children in dialogic inquiry in a way that leads them to deeper
understanding by helping them make sense of the concepts rather than simply telling
them the right answer. Teachers can do this by commenting on children’s discoveries,
interacting positively with children, or suggesting novel ways to explore materials (Cross,

Woods, & Schweingruber, 2009). For example, if a teacher is playing The Great Race
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with students, they could scaffold children’s understanding by prompting children’s
discovery of magnitude (e.g. “Are you closer to the end than [ am?”’). In this way,
Piagetian constructivism and Vygotskian scaffolding serve as the core theoretical
underpinnings for research on guided discovery.
The Mechanisms of Guided Discovery

Throughout the literature, many contemporary theorists and researchers, building
off the classic developmental theories, have been proposed several reasons why guided
discovery can be beneficial for children. This section will focus specifically on why
guided discovery could be beneficial for math learning outcomes for young children.
Dialogic Inquiry

Children build on their existing knowledge by acting on materials and interacting
with others, and in doing so, children actively construct knowledge (Piaget, 1952).
Further, more expert others can help children learn within their ZPD (Vygotsky, 1978).
Educators can serve as more expert others and scaffold children’s learning through
dialogic inquiry. For example, they can ask questions that lead children to think
differently about the concepts at hand or act differently on the objects in their
environments (Ash & Wells, 2006). In one study, researchers examined fifth-graders’
abilities to solve figural-spatial problems with peers in three different conditions (King,
1991): (a) guided questioning, in which partners engaged in a question-answering
dialogue for which students were provided questions to ask each other with the aim of
guiding their cognitive and metacognitive activity; (b) unguided questioning, in which
students were told to ask and answer questions with their partners during problem

solving; and (c) the control condition, in which students were given no instructions about
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questioning. Researchers found that guided questioners performed better on the spatial-
figural problems than unguided questioners and better than students in the control on both
the written test of figural-spatial problem solving and on a novel spatial computer task.
In this way, educators, the more expert others, can encourage students to actively
construct knowledge in this study through dialogic inquiry in order to improve problem-
solving and to teach strategic problem solving (King, 1991).
Attitudes Toward Mathematics

Second, guided discovery is a pedagogical backdrop, which allows educators to
cultivate developmentally appropriate, interest-driven learning spaces for children
(Bergen, 1988; Berk, 2001; Bruner, 1961). In support of this idea, guided discovery has
been found to boost children’s motivation during learning compared to direct teaching
settings (Olander & Robertson, 1973; Stipek et al., 1995). For example, Olander and
Robertson (1973) measured the performance of 374 fourth graders on mathematical
subtests of a standardized achievement test. In a quasi-experimental design, children
were randomly assigned (at the level of the school building) to 31 weeks of either a
guided discovery approach in the classroom or a direct teaching approach. Groups were
compared on their performance on subsets measuring mathematical computation,
concepts, and applications as well as their attitudes toward mathematics. Neither
pedagogical approach yielded consistent or significant advantages for students on math
subtests; however, the attitudes towards mathematics of students who were in guided
discovery classrooms improved significantly more than the attitudes of students under the

direct teaching approach.
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In a separate study, researchers compared math outcomes for 227 four- to six-
year-old children in child-centered guided discovery and didactic, academically focused
preschool and kindergarten programs (Stipek et al., 1995). They also found no
differences in math achievement. However, children in guided discovery programs rated
their math abilities significantly higher, had higher expectations for success on academic
tasks, showed less dependency on adults for permission and approval, evidenced more
pride in their accomplishments, and claimed to worry less about school.

Although children’s math achievement did not benefit from guided discovery
pedagogies in the above-mentioned studies, there did seem to be some benefits on
children’s attitudes toward mathematics. Mathematics anxiety and perceived
incompetence are common hindrances to children’s performance (Ramirez, Gunderson,
Levine, & Beilock, 2013; Vukovic, Kieffer, Bailey, & Harari, 2013; Wigfield & Meece,
1988). Guided discovery settings may empower students through increased choice and
by playing to their natural curiosity, thus decreasing any anxiety and increasing perceived
efficacy. Children with less anxiety and greater self-efficacy beliefs perform better on
measures of math understanding.

Strategically Enhanced Materials

A third reason guided discovery improves math learning may be due to the
strategically enhanced materials that are often present in guided discovery settings.
Researchers have shown that the integration of math-related materials into children’s free
choice settings alone promotes math-related talk and behaviors (Arnold, Fisher,
Doctoroff, & Dobbs, 2002; Ness & Feranga, 2007; Whyte & Bull, 2008). Specifically,

researchers found that incorporating materials which emphasized numerical symbols into
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preschoolers’ free choice environments significantly increased the amount of talk and
behaviors related to mathematical concepts (Cook, 2000).

For all of the above reasons, guided discovery is a pedagogical context, which
allows for the exploration and active engagement with materials, the invention and
analysis of concepts and procedures, the trying out of new ideas, and the flexible thinking
about potential solutions to novel problems (Fisher et al., 2012). For this reason, high-
quality, guided, child-centered experiences can lead to greater short- and long-term
mathematical learning and understanding (Alfieri et al., 2011; Diamond et al., 2007;
Clements & Sarama, 2007; Fisher et al., 2013; Hiebert & Wearne, 1993; Kamii &
Dominick, 1997; King, 1991; Lillard & Else-Quest, 2006; Marcon, 2002).

Search Methodology
Search Protocol

The systematic literature review began with a series of online searches for journal
articles and dissertations using the APA PsycINFO platform. During the initial search,
two categories of target words were used: 1) words related to mathematics
(‘mathematics’, ‘math’, ‘maths’, and ‘number’, ‘arithmetic’, etc.) and 2) words related to
guided discovery (‘guided play’, ‘informal learning’, ‘game’, ‘assisted discovery
learning’, ‘enhanced discovery’, ‘discovery instruction’, ‘hypothetical mode’
‘generation’, ‘elicited explanation’, ‘inquiry based’, ‘child-centered’, and
‘developmentally appropriate’). Articles were retained for further investigation of their
relevance to the literature review if they used at least one of the search terms from each
of the categories as keywords. In cases where few articles were returned, the criteria

were expanded to include full-text searches for each of the target words.
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The initial searches returned a combined total of 44 articles. All articles were
read through to determine whether they met the criteria for inclusion in the final review
(see Inclusion Criteria below). The references of the articles that met the criteria for
inclusion were also hand searched to find relevant articles. Furthermore, a supplemental
search utilizing the Google Scholar platform was used to search the publications of
researchers who had been frequently cited in the field of child-centered math learning.
These supplemental searches were conducted to ensure the inclusion of relevant articles
that were not identified during the initial search. For the purposes of this review, the
operational definitions provided by each group of researchers in their methods sections
was compared to the definition explicated above (See Contrasting Pedagogical
Approaches section), and the study was classified as having a guided discovery condition
based on this comparison, rather than the name of the guided discovery condition.
Inclusion Criteria

Studies included could be observational or experimental in nature. Articles
needed to meet three criteria for inclusion. First, the study needed to include an element
of guided discovery as defined above so that the specific contribution of guided discovery
could be identified. That is, in correlational studies, pedagogical approaches needed to be
measured, and one of the approaches measured needed to meet the definition of guided
discovery. Experimental studies needed to include a guided discovery condition to be
included in this review. Second, the researchers needed to measure directly at least one
area of participants’ mathematical understanding. Third, we only retained studies in
which the participants were typically developing and of preschool (age three) through

middle school (eighth grade, or age 14) age. We excluded studies of older adolescents
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(older than age 15) and students who were intellectually, emotionally, or mathematically
disabled. We limited the review to preschool, elementary, and middle school aged
children, because the guided discovery literature has primarily emerged using populations
of younger children due to growing concerns about diminished opportunities for play for
young children (Singer et al., 2006; Bodrova & Leong, 2003; Johnson, 1998; Murline,
2000; Vail, 2003).
Review of Research Utilizing Guided Discovery to Improve Mathematics Outcomes
The final sample of articles included in this review consisted of 19 studies. Four
studies were correlational, three of which were longitudinal. The remaining 15 of the 19
studies were experimental. Two of these studies were single observation quasi-
experimental, while four were longitudinal experimental studies. The remaining nine
were non-longitudinal experimental studies. Studies were considered longitudinal if they
took place over the course of at least a year and researchers collected data during at least
two different time points. These studies varied in their level of implementation of guided
discovery. Specifically, the guided discovery activities occurred on three different levels:
(1) Elemental Level - an intervention or setting that measured the effect of only one
element of guided discovery (e.g. dialogic inquiry); (2) — Moderate Level — intervention
or setting that used at least one element of guided discovery in only a few activities (or a
single activity); and (3) Comprehensive Level - curricular or programmatic
intervention/setting that fulfills the entire definition of guided discovery). In this section
I discuss the content and outcomes of studies examining if and how guided discovery

activities support mathematical understanding in young children. The findings are
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organized by study design, and strengths and limitations of the literature are elucidated
within each section.
Correlational Studies

Single observation studies. One correlational study showed that children’s
experiences with guided discovery were related to greater mastery of mathematical
concepts (Kamii & Dominick, 1997). Specifically, researchers found that 2" and 3™
graders from middle-income backgrounds who were allowed to invent their own
strategies to solve multi-digit addition and multiplication problems produced significantly
more correct answers than children who had been taught standard algorithms. The
standard algorithm for addition is the process by which children first add the digits in the
ones column, carry the tens to the place above the tens column if applicable, and then add
the digits in the tens column, and so on until they have reached the final column. Even
though the children had not been taught the standard algorithms, allowing them to invent
their own strategies (child-directed) in response to a teacher-initiated (adult-initiated)
problem prompt is a prime example of guided discovery principles in an elementary
school math classroom. Further, when children made errors, the incorrect answers of
those who were allowed to invent their own strategies were closer to the correct answers
than the errors of students who had been taught algorithms. The authors argued that the
errors of the children who had been taught algorithms were larger because they were
relying solely on a set of procedures (algorithms) to answer problems, rather than a
combination of their chosen strategy and their understanding of place value and number
sense. In other words, children who had not been taught algorithms demonstrated

superior conceptual understanding, which was reflected in their performance on a test
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consisting of multi-digit addition (2™ and 3™ grade) and multiplication (3™ grade)
problems (Kamii & Dominick, 1997).

Despite these promising results, the limitation of this correlational study is that it
does not allow us to infer causality from the findings nor does it allow us to understand
the influence of guided discovery experiences over time. Also, the authors do not
specifically mention if the posttests were administered by experimenters who were blind
to condition and/or hypothesis. However, this study does isolate one specific aspect of
the guided discovery approach in relation to children’s mathematical understanding to
provide a basis for further investigation.

Longitudinal studies. Single observation correlational studies have laid the
groundwork for several longitudinal studies on preschool programs that utilized child-
centered pedagogies in an effort to provide high-quality preschool education. The guided
discovery preschools emphasized child autonomy, peer interaction and discussion, and
the teacher’s role as a facilitator of knowledge building rather than giver of knowledge.
Evidence from one correlational, longitudinal study showed mixed evidence for the
academic benefits of attending a preschool that emphasized guided discovery over direct
teaching for 343 low-income, racial minority children (Marcon, 2002). Specifically,
children whose preschools used guided discovery pedagogies compared to children
whose preschools used direct teaching had greater gains in mathematics grades between
3" and 4 grade, but at the same time, they were more likely than children who had
attended direct teaching preschools to repeat a grade by year six. One strength of this
study is that the experimenters who classified classroom environment did not also

measure children’s grades. The higher retention rate of the children who had attended
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guided discovery preschools may be due to the fact that no low-income children were
enrolled in direct teaching preschools. Because low-income children were more likely to
be held back a grade, this relation may have confounded the relation between preschool
model and grade repetition. The authors also measured rates of special education
placements, and found no difference between groups. These mixed results are useful in
understanding the specific benefits of guided discovery and the specific children for
whom guided discovery is beneficial (Marcon, 2002). For instance, these findings
suggest that guided discovery is equally effective for students with special needs.
However, little research has been done in the area of guided discovery and individual
differences, and further exploration is needed to draw more conclusive inferences.
Another study compared the mathematical achievement of 166 early elementary
age children from a range of socioeconomic backgrounds in kindergartens that used
different pedagogical approaches (Burts et al., 1993). The researchers found that first
graders who had attended kindergartens that used guided discovery had higher overall
grades in mathematics averaged across the four quarters of the first grade year compared
to same-aged children who had attended kindergarten classrooms that primarily used
direct teaching. The teachers giving the grades (i.e. the outcome measure) were blind to
the hypothesis of the study. The guided discovery kindergartens emphasized child
choice, peer and group discussion of math concepts, active exploration, and hands-on
activities. They also used strategically enhanced materials, manipulatives, contextualized
problems, whereas in the direct teaching classrooms, teachers directed most of the
activities and emphasized the use of worksheets for learning isolated skills, such as

recognizing single letters (Burts et al., 1993). However, in a sample of 307 low-income
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kindergarteners, Marcon (1993) found that there was no effect of guided discovery on
children’s mathematics grades at the end of kindergarten. Again in this study, grades
were assigned by teachers blind to the hypothesis. This guided discovery intervention
accentuated child autonomy, the teacher’s role as facilitator, and peer interaction. One
reason for the discrepancy in these two research groups’ findings may be due to the
differences in the operationalization of guided discovery. Both research groups included
child agency and peer interaction in their definition of guided discovery, however they
differed on active exploration and hands-on activities (Burts et al., 1993), and the
teacher’s role as facilitator (Marcon, 1993). This indicates that the specific aspects of
guided discovery are crucial in understanding why an intervention is or is not effective.

One limitation of these studies is that children were not randomly assigned to
pedagogical conditions. For this reason, there is the possibility of selection bias in that
parents who choose preschools that emphasize a child-centered pedagogy might be
meaningfully different from those who chose academic preschools for their children.
Relatedly, children’s individual characteristics prior to entering preschool might affect
parents’ choice about what type of preschool they select for their children. For example,
if parents perceive their child to be academically delayed, they may favor a preschool that
emphasizes academics. Thus, no causal relations may be inferred from these studies,
however, they provide insight into the relations between experiences with guided
discovery and children’s mathematical understanding across time and paint a dynamic,
developmental picture of child-centered mathematical learning.

Experimental Studies
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Quasi-experimental. In contrast to the mixed findings of the correlational
longitudinal study, one quasi-experimental studies examining guided discovery did not
find evidence for the benefits of this pedagogical approach on standardized mathematical
achievement tests (Stipek et al., 1995). However, they did find that the use of guided
discovery improved children’s attitudes towards math. Researchers compared the math
achievement of 227 4- to 6-year-olds from a range of income backgrounds in preschool
and kindergarten from guided discovery and direct teaching classrooms (Stipek et al.,
1995). Guided discovery classrooms used contextualized activities, child choice, peer
interaction, and used strategically enhanced materials. Direct teaching classrooms
emphasized the drilling of basic skills, individual work, the use of worksheets, and spent
more time on academic topics. Children in guided discovery programs were more
motivated, rated their abilities significantly higher, had higher expectations for success on
academic tasks, showed less dependency on adults for permission and approval,
displayed more pride in their accomplishments, and claimed to worry less about school
compared to their peers in direct teaching environments. However, the authors do not
mention whether the experimenters administering the posttests were blind to condition or
hypothesis (Stipek et al., 1995). The authors may have failed to find a difference in math
achievement across program types because of family income factors. As was the case
with a previously described study (Marcon, 2002), children from low-income
backgrounds were likely over-represented in the guided discovery classrooms in this
study. Although the authors do not discuss differences in income across classroom types,
they do acknowledge that all direct teaching classrooms were in private schools, whereas

only half of guided discovery classrooms were in private schools, indicating that the
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group of children from guided discovery classrooms likely had a lower mean income than
children from direct teaching classrooms. Children from lower-income backgrounds
typically lag behind their higher-income peers on early measures of mathematics
understanding (Jordan & Levine, 2009), therefore, the relation between pedagogy and
mathematical outcomes may have been confounded by income background in this study.
Longitudinal studies. Experimental longitudinal studies examining the effects of
guided discovery generally confirm the positive effect of guided discovery pedagogies on
children’s mathematical understanding (Clements & Sarama, 2007; Diamond et al., 2007;
Hiebert & Wearne, 1996; Lillard & Else-Quest, 2006). For example, two different
curricula centered on guided discovery activities to improve mathematics achievement -
one targeting domain-specific geometry skills (Clements & Sarama, 2007) and the other
targeting domain-general self-regulatory skills (Diamond et al., 2007) — have been shown
to improve mathematics understanding in young children. Specifically, Building Blocks
(Clements & Sarama, 2007) is a Pre-K to 2" grade software-based mathematics
curriculum, in which children complete computerized games designed to teach spatial
skills. The software program is adaptive based on skill level, and the mathematical
problems are set in everyday contexts, designed to be engaging for children, such as
making cookies. The 68 participants were from lower income and largely racial minority
backgrounds. Preschoolers who were randomly assigned to receive the Building Blocks
curriculum showed significantly greater year-end gains in math concepts and skills,
including counting, sequencing, arithmetic computation, and geometry compared to age-
matched peers who experienced the other curricula. It should be noted that while the

experimenters who were responsible for administering posttests were not blind to

32



condition, however the coders who were responsible for scoring the posttest assessments
were blind to condition (Clements & Sarama, 2007).

The program targeting domain-general self-regulatory skills, Tools of the Mind,
(Diamond et al., 2007) was designed to improve preschoolers’ executive functioning
using a child-centered pedagogy. These classrooms are centered on child-led activities
involving pretense guided by the teachers. One common activity is for children to design
learning centers involving make believe, such as a center that serves as a pretend
convenient store in which children can create prices for merchandise, buy and sell items,
and maintain an ATM (Tools of the Mind, 2016; Diamond et al., 2007). Participants
were 147 low-income preschoolers. Children who participated in the Tools of the Mind
curriculum outperformed their peers participating in the Balanced Literacy curriculum on
measures of executive function skills, which were related to higher scores on a
standardized tests of mathematics, the Woodcock Johnson applied problems subtest,
which assesses involves simple counting, addition, and subtraction, reading clock faces,
and reporting and calculating coin values. However, the authors do not mention whether
the experimenters administering the posttests were blind to condition or hypothesis
(Diamond et al., 2007; McGrew & Woodcock, 2001).

In addition to curricular approaches, researchers have also examined the
effectiveness of entire preschool programs, including Montessori programs (Lillard &
Else-Quest, 2006). Montessori is an educational approach that compared to traditional
approaches emphasizes greater student agency in activity choice, strategically enhanced
materials, and teachers trained in guiding and supporting children’s interests compared to

traditional approaches (American Montessori Society). Participants were 112
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kindergarten students from low-income backgrounds. Five-year-olds who were randomly
selected via lottery system to participate in Montessori programs compared to children
who participated in the lottery, but were not selected performed better on the Woodcock
Johnson applied problems subtest. However, the authors do not mention whether the
experimenters administering the posttests were blind to condition or hypothesis (McGrew
& Woodcock, 20013 Lillard & Else-Quest, 2006; Lillard, 2012).

In older children, Hiebert and Wearne (1996) took a more targeted approach to
studying the effects of guided discovery on children’s understanding and skill with multi-
digit addition and subtraction and place value in first through third grade. Participants
were 72 children from a range of socioeconomic backgrounds. They compared the
effects of what they called conventional instruction, which relied on direct teaching, and
alternative instruction, which implemented a guided discovery approach. The alternative,
guided discovery instruction placed emphasis on quantifying sets of objects in groups of
10, analyzing different forms of representing quantities, and then gradually building
addition and subtraction procedures from these underlying concepts about base-10. They
also used contextualized problems, manipulatives, encouraged discussion, and strategy
invention, and refrained from teaching the standard algorithms until 2" grade. On the
other hand, conventional, direct teaching instruction was textbook-based instruction with
very little use of physical manipulatives beyond first grade. Teachers began lessons by
demonstrating how to find the answer before allowing students time to work individually,
and the standard algorithm was explicitly taught early in first grade, and recommended to
students as their strategy of choice. The guided discovery pedagogy, which encouraged

students to develop their own procedures and to make sense of procedures presented by
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others, facilitated better performance on multi-digit addition and subtraction and place
value as well as greater ability to adapt old strategies to novel problems by the end of
third grade. However, posttest administrators were not blind to condition. The
strategically enhance materials, contextualized problem questions, and the child-directed
nature of the problem-solving in the guided discovery classrooms may have contributed
to the effectiveness of this particular guided discovery intervention (Hiebert & Wearne,
1996).

Most empirical longitudinal studies support the use of guided discovery for
improving mathematical outcomes in children with one exception. Specifically, Olander
and Robertson (1973), compared the effects of direct teaching and guided discovery
pedagogies over the course of 31 weeks, and failed to find any consistent benefits of
either approach. Sixteen mathematics classrooms with a total of 374 fourth graders from
unspecified socioeconomic backgrounds were assigned (by building) to either the guided
discovery approach or the direct teaching (expository) approach. The teachers in the
guided discovery classrooms introduced topics through problem situations, posed guiding
questions, and used concrete models, objects, and manipulatives to aid in student
learning. Students were encouraged to search for their own strategies and discover
solutions and mathematical principles. In contrast, teachers in the direct teaching
classrooms introduced new topics by explaining and demonstrating a new mathematical
principle without allowing students time to solve novel problems using the principle.
They asked closed-ended questions, emphasized the verbalization of the mathematical
principle being learned, and largely depended on the textbook for explanations, practice,

and reference. At the end of the 31-week program, children’s mathematical
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understanding was measured using the Stanford Achievement Test, which included
arithmetic, conceptual knowledge, and applied problems. However, the authors do not
mention whether the experimenters administering the posttests were blind to condition or
hypothesis. Neither of the approaches yielded consistent or significant advantages for
students on the outcome measures, however, students taught in guided discovery
classrooms improved in their attitudes towards mathematics significantly more than
children who were taught in direct teaching classrooms (Olander & Robertson, 1973).

Longitudinal experimental studies allow for causal inferences and researchers to
see a fuller developmental picture of the effect of guided discovery on mathematical
understanding. The experimental longitudinal studies included in this review generally
confirm the positive effect of guided discovery pedagogies on children’s mathematical
understanding (Clements & Sarama, 2007; Diamond et al., 2007; Hiebert & Wearne,
1996). However, most of these studies were designed with the goal of testing the
effectiveness of high-quality preschool programs. They were not specifically designed to
compare high-quality guided discovery pedagogies with high-quality direct teaching or
free choice approaches. Future studies should specifically compare the effect of high-
quality guided discovery programs with equally high-quality alternative pedagogy
programs in order to isolate the effect of guided discovery further, rather than
confounding it with program quality.

Non-longitudinal, experimental studies. The majority of studies that explore the
benefits of guided discovery are non-longitudinal experimental studies, which paint a

more nuanced picture of whether guided discovery is effective, under what conditions,
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and for whom. In the following section, I will present findings from studies utilizing
experimental designs.

Many experimental studies of pedagogical approaches found effects of guided
discovery on various domains of mathematical understanding (Bobis et al., 1994; Fisher
et al., 2013; Hiebert & Wearne, 1993; King, 1991; Rittle-Johnson, 2006). For example,
in the area of arithmetic, Rittle-Johnson (2006) found that prompting eighty-five 3™, 4,
and 5 graders from unspecified socioeconomic backgrounds to explain why certain
answers to mathematical equivalence problems were correct and incorrect resulted in
greater learning about the topic. All children completed one 40 min practice session for
solving mathematical equivalence problems on a computer. Children in the self-
explanation condition, also saw an additional screen after each problem with two answers
— one correct and one incorrect - from “children from another school”. They were then
asked by the experimenter to explain how the students got each answer and whether they
were correct or incorrect. Regardless of whether children received instruction about
mathematical equivalence from the experimenter, children in the explanation conditions
solved more transfer problems correctly during the immediate and delayed posttests than
children who were not asked to explain their answers. However, the experimenters
administering the posttests were not blind to condition (Rittle-Johnson, 2006). This study
is an example of a manipulation that isolates and tests one specific element — dialogic
inquiry — of guided discovery.

In another study in the area of arithmetic, researchers found that 2nd grade
students randomly assigned to guided discovery classrooms compared to their peers in

direct teaching classrooms performed better on a year-end test of knowledge about place
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value and multi-digit addition and subtraction (Hiebert & Wearne, 1993). Guided
discovery classrooms allowed children to invent arithmetic strategies, used
contextualized math problems, and used strategically enhanced materials, while the
students in the direct teaching classrooms were not encouraged to discover mathematical
principles. Instead, they were told what the target principle of the lesson was before
engaging with any math problems. Direct teaching classrooms also emphasized
repetitive practice of computational strategies. Participants were 135 students of
unspecified socioeconomic backgrounds from six different classrooms. Children in
guided discovery classrooms performed better even though they received fewer
problems. The researchers speculated that this was because students spent more time
with each problem, asked more probing questions, and required descriptions and
explanations of alternative strategies. However, it should be noted that posttest
administrators were not blind to hypothesis or condition (Hiebert & Wearne, 1993).

In a recent study in the area of geometry, Fisher and colleagues (2013) found that
4- and 5-year-old children’s understanding of typical and atypical shapes was
significantly improved by a 15 min guided discovery intervention compared to a
comparable direct teaching intervention and a free choice experience. Participants were
60 children from upper middle-income backgrounds. Children were randomly assigned
to one of three conditions with identical materials and mathematical content. In the
guided discovery condition, children were introduced to typical, atypical, and non-valid
shapes and asked questions about and encouraged to explore the shapes’ distinguishing
features. In the direct teaching condition, children watched an experimenter explore and

explain the distinguishing features of shapes. In the free choice condition, children were
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given free time to explore the shapes. The experimenter was present, but no guidance or
instruction was provided. Controlling for pretest scores, children in the guided discovery
condition demonstrated significantly greater knowledge of typical and atypical shapes at
posttest and at a one-week follow-up than both the direct teaching and free choice groups
(Fisher et al., 2013). However, it should be noted that the experimenter who
administered the three different pedagogies was not blind to the hypothesis of the study,
and the same experimenter administered posttests. Thus, the researchers found benefits
of guided discovery even after only one brief session, but experimental blindness is an
important factor in study design that should be considered for future interventions.

Other researchers found that 8- and 9-year-old students more successfully
completed geometric structures when given guidelines about what to create than when
they were given an exact model to copy (Bobis et al., 1994). Participants were 60
students from unspecified socioeconomic backgrounds. In fact, the more students were
encouraged to specifically focus on the exact model, the less likely they were to complete
a replica of the model. The researchers concluded that too much guidance could hamper
students’ ability to solve geometric problems by increasing their cognitive load.
Experimenters administering the posttest were not blind to condition, however, it is
unclear if they were blind to hypothesis (Bobis et al., 1994).

On the other end of the spectrum, others have found that a lack of guidance can
also be detrimental to mathematical learning outcomes (King, 1991). Researchers
compared 46 students’ ability to solve figural-spatial problems with partners.
Participants were 5™ grade students. Same-gender pairs were randomly assigned to three

conditions: (a) guided questioning, in which students were provided with a list of
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strategic questions to ask each other to guide their cognitive and metacognitive activity
during problem solving, with partners engaging in a questioning-answering dialogue; (b)
unguided questioning, in which students were simply instructed to ask and answer
questions with their partners during problem solving; and (¢) a control condition, in
which children received no instructions about questioning. Guided questioners
outperformed students in the other two conditions on both a written test of figural-spatial
problem solving and on a novel spatial computer task. They also asked more strategic
questions and gave more elaborated explanations during problem solving than their
unguided peers (King, 1991). The small sample size of this study should be noted, and it
is unclear whether or not the teachers administering the three conditions were blind to the
hypothesis. Researchers concluded that this guided questioning may promote problem-
solving success by teaching students how to be strategic problem solvers and how to
request and provide helpful elaboration during problem solving.

Several experimental studies have revealed conflicting findings about the
effectiveness of guided discovery for improving children’s mathematical understanding
(Anastasiow et al., 1970; Cantor et al., 1982; Peters, 1970; Worthen, 1968). For instance,
one study compared the effects of direct teaching, guided discovery, free choice, and a no
contact control on 120 low-income kindergartener’s conservation of number
(understanding equivalent quantities remain equivalent when one line of objects is
longer), conservation of difference (understanding differing discrete quantities remain
different when one line of objects is longer), and conservation of area (understanding that
equivalent areas remain equivalent after subtracting equivalent, but differently spatially

oriented amounts of area from each; Peters, 1970). The two distinguishing differences
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between the direct teaching condition and the guided discovery conditions were the use
of strategically enhanced materials in the guided discovery condition and the
straightforward stating of the mathematical principle being taught at the beginning of the
lesson. Participants were randomly assigned to training conditions, and each child visited
with an experimenter for one pretest session and two individual training sessions over the
course of one week. Experimenters also administered four-day and two-week follow-up
posttests. After controlling for pretest scores, no significant differences in children’s
posttest scores were found between any of the pedagogical approaches. However, the
authors do not mention whether the experimenters administering the posttests were blind
to condition or hypothesis (Peters, 1970).

Other studies have found mixed effects (Worthen, 1968) or have found that direct
teaching was the more effective pedagogy over guided discovery (Cantor et al., 1982).
For example, Worthen (1968) found that direct teaching was more effective at the initial
posttest when teaching arithmetic to 538 5™ and 6™ grade students from a variety of
socioeconomic backgrounds. However, children taught using guided discovery
performed better on arithmetic problems after a five-week delay, indicating that guided
discovery may not initially appear as effective as direct teaching, but ultimately may lead
to deeper learning of mathematical concepts and thus, longer retention. It is not clear
whether posttest administrators were blind to hypothesis and condition (Bruner, 1961;
Worthen, 1968). However, another study found that 72 kindergarteners from unspecified
socioeconomic backgrounds in a direct teaching group outperformed their peers in guided

discovery and passive control groups on measures of probability understanding during
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immediate as well as delayed posttests. Again, it is not clear whether posttest
administrators were blind to hypothesis and condition (Cantor et al., 1982).

In another study, Anastasiow and colleagues (1970) compared the effects of
pedagogical approaches, direct teaching and guided discovery, delivered over three
weeks, on children’s ability to solve simple and complex classification problems in a low-
income, racial minority sample of 41 students. Teachers using the guided discovery
pedagogy allowed children to discover the mathematical principle or concept by guiding
children to the correct solution by referencing the students’ previous correct work.
Teachers in the direct teaching condition told students directly whether their answers
were correct or incorrect and would remind students about the mathematical rules and
principles (Anastasiow et al., 1970). They found that direct teaching was effective in
producing correct student verbalizations about classifying and for the number of errors
during simple problems, whereas guided discovery led to more correct answers on
complex classification problems. The small sample size of this study should be noted.
Also, it is unclear whether or not the teachers administering the three conditions were
blind to hypothesis or whether the posttest administrators were blind to condition.

Overall Summary and Reflection on the Literature

Several conclusions can be drawn from this body of literature. Although the
majority of these studies find support for using guided discovery to improve children’s
mathematical outcomes, the results are mixed. The effectiveness of each guided
discovery intervention or significance of the findings seemed to depend on several key
elements, specifically, dialogic inquiry, contextualized learning, strategically enhanced

materials, active child participation, child choice, and child discovery of target concepts.
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Definition of Guided Discovery

Overall, a wide range of construct and operational definitions for guided
discovery were found in the studies included in this review. Researchers also used a
variety of terms to refer to their particular version of guided discovery, including
discovery learning, guided play, generation, inquiry-based teaching, child-centered
pedagogy, and developmentally appropriate classrooms. Some researchers isolated
individual components of guided discovery in their studies, while others examined a
complete definition of guided discovery in the form of an entire preschool curriculum
(Clements & Sarama, 2007). Others still examined the effects of guided discovery
pedagogies in pursuit of an answer to a separate scientific question, such as “What are
the effects of a preschool curriculum targeting children’s self-regulation skills?”
(Diamond et al., 2007) or “What are the effects of a Montessori education?” (Lillard &
Else-Quest, 2006). Despite this range of definitions, the goal of this literature review was
to synthesize the findings in the guided discovery literature on mathematical outcomes
and to identify the patterns.

Although the exact elements of guided discovery that were included in each study
varied slightly, a few aspects were common to many studies. These factors included
active child participation, child choice, strategically enhanced materials, dialogic inquiry,
child discovery of mathematical principles or concepts, and contextualized learning. Two
elements seemed especially effective aspects of guided discovery, including
contextualized learning (Clements & Sarama, 2007; Diamond et al., 2007; Hiebert &
Wearne, 1993, 1996) and child discovery of targeted concepts (Anastasiow et al., 1970;

Bobis et al., 1994; Hiebert & Wearne, 1993, 1996; Kamii & Dominick, 1997). Guided
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discovery activities that included these elements tended to be effective in improving
children’s mathematical understanding. They will be discussed in greater depth in the
next section and are presented in Table 2.

Overarching Themes

Contextualized learning. There were a few discernable patterns that arose
throughout the course of the literature review, which will be discussed below. One
pattern that emerged was that effective interventions tended to include contextualized
learning as a part of their operational definitions of guided discovery (Clements &
Sarama, 2007; Diamond et al., 2007; Hiebert & Wearne, 1993, 1996). Only one
intervention with mixed findings included contextualized learning as a part of their
guided discovery condition (Olander & Robertson, 1973), and no studies with
insignificant findings used contextualized learning. Contextualized learning helps
children make abstract concepts, such as number, concrete and increases student
involvement in the problem-solving process (Cordova & Lepper, 1996; Parker & Lepper,
1992). As aresult, contextualized learning improves student learning outcomes as well
as motivation (Cordova & Lepper, 1996; Parker & Lepper, 1992). For these reasons,
contextualized mathematical problems may be another important element in successful
guided discovery interventions.

Child discovery of mathematical concepts. Second, many studies with
significant findings (Anastasiow et al., 1970; Bobis et al., 1994; Hiebert & Wearne, 1993,
1996; Kamii & Dominick, 1997) and two interventions with mixed findings (Olander &
Robertson, 1973; Worthen, 1968) placed an emphasis on the child discovering the

targeted mathematical principle or concepts, rather than the teacher telling the child what
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they should be learning at the start of a lesson. Allowing children to discover procedures
and concepts for themselves gives them ownership over their own learning, increases
motivation, and leads to greater retention of material (Bruner, 1961). For this reason,
child-directed discovery seems to be another important aspect of effective guided
discovery pedagogies.

Peer interaction. Lastly, all interventions that allowed for peer interaction with
same-age familiar peers and discussion were effective in promoting their outcomes of
interest (Burts et al., 1993; Diamond et al., 2007; Hiebert & Wearne, 1993, 1996;
Marcon, 1993, 2002), indicating that the opportunity for peers to interact and “co-
discover” may be a crucial element of guided discovery. This finding is both surprising
and unsurprising. It is unsurprising because peers play a crucial role in children’s
cognitive development (Piaget, 1947; Vygotsky, 1978), specifically in the domain of
mathematics (Ramani, Zippert, & Daubert, 2016). However, it is surprising because peer
interaction is not a necessary element in the definition of guided discovery. However,
guided discovery interventions can and do commonly capitalize on peer interactions
during the learning process (Burts et al., 1993; Diamond et al., 2007; Hiebert & Wearne,
1993, 1996; Marcon, 1993, 2002). Peers can ask each other questions, monitors each
others’ behavior, and engage in dialogic inquiry with one another. The effect of peers in
guided discovery settings is certainly an area that merits further exploration.
Mathematical Domain

The studies included in this literature review targeted a range of mathematical
domains in their outcome measures. Arithmetic was most consistently measured with six

studies using it as an outcome measure (Clements & Sarama, 2007; Hiebert & Wearne,
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1993, 1996; Kamii & Dominick, 1997; Marcon, 1993; Worthen, 1968). Standardized
tests of mathematical understanding, which tested arithmetic accuracy, arithmetic
fluency, word problems, and conceptual definitions, were also a popular outcome
measure, used in four studies (Diamond et al., 2007; Lillard & Else-Quest, 2006; Olander
& Robertson, 1973; Stipek et al., 1995). Another commonly measured domain, used in
four studies, was geometry (Bobis et al., 1994; Clements & Sarama, 2007; Fisher et al.,
2013; King, 1991). Two studies examined mathematical achievement, specifically
children’s math grades (Burts et al., 1993; Marcon, 2002). Some other mathematical
domains — counting (Clements & Sarama, 2007), probability (Cantor et al., 1982),
equivalence (Rittle-Johnson, 2006), conservation of number (Peters, 1970), and
classification/sorting (Anastasiow et al., 1970) were present in only one study.

There were only a couple of noticeable patterns for significant findings by
mathematical domain. All studies targeting geometry knowledge (Bobis et al., 1994;
Clements & Sarama, 2007; Fisher et al., 2013; King, 1991) and mathematical
achievement (Burts et al., 1993; Marcon, 2002) found significant findings. Guided
discovery interventions may be particularly effective in the domain of geometry because
guided discovery settings allow children to make the concrete-to-abstract shift necessary
for geometric understanding (Fisher et al., 2013; Keil, 1996). This shift refers to the fact
that children begin classifying shapes according to visual similarity and orientation
regardless of definitional properties and later, they categorize shapes based on rules or
definitions relating to the number of sides or angles (Keil, 1996; Satlow & Newcombe,
1998). Guided discovery pedagogies place an emphasis on strategically enhanced

materials, which may serve as a catalyst for this geometric concrete-to-abstract shift
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(Fisher et al., 2013; Keil, 1996). As for improved mathematical achievement as a
consistent outcome, guided discovery provides a way to effectively teach students the
subject matter at hand, but also how to teach themselves. We would therefore expect
there to be a great deal of transfer from the students’ learning about everyday
mathematical topics to more standardized achievement measures, because students are
not relying simply on rote memorization of facts to answer problems, but also on their
profound procedural and conceptual knowledge in a variety of mathematical areas as well
as their critical thinking skills. The majority of studies targeting arithmetic were effective
(Clements & Sarama, 2007; Hiebert & Wearne, 1993, 1996, Kamii & Dominick, 1997;
Marcon, 1993). This may be because guided discovery interventions targeting arithmetic
tend to bolster children’s procedural knowledge while traditional approaches do not, and
procedural knowledge is crucial for the development of conceptual knowledge and
greater mathematical understanding (Geary & Hoard, 2005; Rittle-Johnson, Siegler, &
Alibali, 2001).

Other than these clear patterns, the specific mathematical domain targeted was not
an important factor in determining whether or not a particular guided discovery activity
or intervention was effective. The range of mathematical domains examined in the
studies is relatively diverse, however, there is one notable area, numerical magnitude, that
is crucial for children’s early mathematical understanding, which has yet to be explored.
Experimenter Blindness

The effect of experimenter blindness to participant condition at posttest was also
examined. There were no clear effects of blindness of the effectiveness of the

intervention or activity. However, blindness was not typically reported in the articles
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reporting on studies about guided discovery. This is troubling, because experimenter
blindness to condition at posttest is a crucial control, which minimizes experimental bias
in scientific research. Future interventions should definitely utilize blind posttest
administrators and experimenters who blind to hypothesis during the actual intervention.
Importantly, both should be reported in the published article.
Literature Gaps

Three gaps that were identified and will be discussed further are: 1) Terminology
and definition of guided discovery; 2) Mechanistic explorations; and 3) Alternative
mathematical domains.
Terminology and Definition of Guided Discovery

The first gap that this literature review revealed was a lack of clarity around the
definition and terminology of guided discovery. As previously noted, definitions of
guided discovery vary widely across the literature. Some researchers have studied the
effects of a more narrow definition of guided discovery (e.g. Bobis et al., 1994; King,
1991), while others have included all possible elements of guided discovery in a
comprehensive intervention (e.g. Clements & Sarama, 2007; Fisher et al., 2013). In order
to significantly advance the study of guided discovery, a consensus about the definition
of guided discovery needs to be solidified, so that it can be systematically tested and
improved. Based on the findings from this review, I would suggest the following
definition. Guided discovery is a pedagogy, which utilizes adult-initiated, child-directed
contextualized learning activities to help children discover for themselves the concepts or

principles of interest.
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On a related note, there are as many different terms for ‘guided discovery’ in the
literature as there are definitions. Guided discovery goes by many names, such as
“guided play”, “generation”, and “inquiry-based learning” just to name a few. The many
labels that exist can muddle the discourse around guided discovery. As with a definition,
a common label for guided discovery needs to be agreed upon. This could be achieved
by first agreeing that the guided discovery pedagogy is not content dependent. That is,
one term with a clear definition should apply to all domains. Certain areas of study, such
as science, seem to lend themselves more to an inquiry-based approach because of the
nature of the subject areas themselves. However, the guided discovery approach is
independent of the curricular content, and should not be limited to only a few areas of
study. Another approach to clarifying the definition of guided discovery would be to
conduct a meta-analysis of guided discovery interventions. This would allow researchers
to statistically isolate the effective elements of guided discovery and would provide a
suggestion as to which elements are essential to the definition of guided discovery based
on what improves children’s learning outcomes across different academic domains.
However, additional studies that include similar mathematical outcomes are needed to
conduct this meta-analysis.

Mechanistic Explorations

Clear terminology and definition of guided discovery would allow for exploration
of another crucial, understudied area in the guided discovery literature: the specific
mechanisms by which guided discovery improves mathematics outcomes. Likewise,
systematic testing of distinct mechanisms would aid in the standardization the definition

of guided discovery. One important mechanism that needs to be further examined is the
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effect of dialogic inquiry. Children build on existing knowledge by interacting with
others and acting on their environment. In this way, children actively construct
knowledge (Piaget, 1952). In addition, more expert others can help children learn within
their ZPD (Vygotsky, 1978). For example, educators serve as more expert others and can
scaffold children’s learning through dialogic inquiry. Specifically, they can ask questions
that lead children to think differently about the concepts at hand or act differently on the
objects in their environments (Ash & Wells, 2006). Dialogic inquiry is an important
mechanism through which guided discovery might be an effective pedagogy, however,
there are no studies specifically examining the role of dialogic inquiry in a guided
discovery setting on children’s numerical knowledge. For these reasons, specific testing
of role of dialogic inquiry is needed to fully understand its potential contribution.

The current study will approach this gap in the literature by experimentally testing
the role of dialogic inquiry. Groups will vary on whether an experimenter engages them
in dialogic inquiry, math-related dialogic inquiry, or no dialogic inquiry. The first
experimental group will receive math-related dialogic inquiry, the second will hear math-
related statements, and the active control group will receive positive encouragement in
lieu of mathematical inquiry or statements throughout the experiment. This will allow for
a controlled examination of the effects of dialogic inquiry - a theoretically important
element of guided discovery. Thus, the current study will systematically examine one
mechanism that may contribute to learning mathematical concepts in a guided discovery
setting.

Alternative Mathematical Domains
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Guided discovery studies have involved a variety of mathematical domains,
including geometry, measurement, and arithmetic as outcomes, however there are many
other crucial areas of children’s early mathematical development that have yet to be
explored. One notable area, children’s early understanding of numerical magnitude is
crucial for later mathematical understanding (Siegler, 2016). The accuracy of children’s
estimates on the number line task is strongly related to children’s current and future
mathematical achievement (Booth & Siegler, 2006; Geary et al., 2006; Geary et al., 2008;
Laski & Siegler, 2007; Sasanguie, De Smedt, Defever & Reynvoet, 2012; Sella et al.,
2013; Siegler & Booth, 2004). Number line estimation also predicts arithmetic
understanding (Ashcraft & Moore, 2012; Booth & Siegler, 2008; Cowan & Powell, 2014;
Gunderson, Ramirez, Beilock & Levine, 2012; LeFevre, Jimenez Lira, Sowinski,
Cankaya, Kamawar et al., 2013). Further, these relations persist even after controlling for
reading achievement, household SES, race, ethnicity, working memory, IQ, and non-
symbolic numerical knowledge (Bailey, Siegler & Geary, 2014; Booth & Siegler, 2006,
2008; Cowan & Powell, 2014; Fazio et al., 2014; Geary et al., 2008). For this reason, it
is crucial to examine the effect of a guided discovery intervention on numerical
magnitude outcomes.

The current study will use two measures of numerical magnitude as outcome
variables in order to assess the effect of guided discovery on this specific mathematical
domain. Further, the guided discovery activity will specifically target numerical
magnitude skills in that children will play a 1-10 life-sized linear board game one-on-one
with an experimenter. Children in all groups will interact with the materials and

therefore receive kinesthetic cues about magnitude. Children in the math-related dialogic
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inquiry condition will be asked questions about numerical magnitudes during the game
(e.g. “Which number is bigger: 7 or 57 while the child and experimenter stand on spaces
7 and 5). Fisher and colleagues (2013) proposed that guided discovery might boost
children’s geometric understanding because guided discovery settings allow for children
to make the concrete-to-abstract shift necessary for geometric understanding (Keil, 1996).
As with geometry, children’s abstract magnitude understanding is improved through
concrete experiences with physical, numbered objects (Ramani & Siegler, 2008; Siegler
& Ramani, 2008). For example, guided discovery activities, such as adult-scaffolded
linear number board games have been shown to improve children’s magnitude
understanding (Ramani & Siegler, 2008; Siegler & Ramani, 2008). Indeed, the embodied
cognition approach (Thelen, 1996; Wilson, 2002) suggests that children’s physical
interaction with concrete representations of number (i.e. number spaces on a board game)
should improve their abstract conceptual representation of numerical magnitude. The
current study will broaden our understanding of the effects of dialogic inquiry in a guided
discovery setting on numerical magnitude understanding and further the investigation of

mechanisms underlying guided discovery.
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Chapter 3: Method
Participants

Participants were 94 3- to 5-year-old children (Mg = 4 years 4 months; Range =
3 years 2 months — 5 years 5 months) who had not yet entered kindergarten, recruited
from local preschools. In order to recruit from schools, directors of the schools were
contacted first by an email describing the goals of the study. Emails were followed-up
with a phone call. If directors agreed that their schools would participate in the study,
they were provided with a letter to send home to parents describing the study, along with
an informed consent form and a parent survey. Parents who were interested in having
their children participate in the study completed the consent form and survey and
returned them to the director of the school.

Power analyses were conducted to determine the target sample size. In order to
conduct the planned analyses with 80% power to detect an estimated medium effect size
(f=.26), a sample of 93 children (31 per condition) was needed.

Parents were asked to complete a brief demographic survey assessing their child’s
age, gender, race, and ethnicity as well as parents’ annual household income, and number
of people typically residing in the household. Participants were 51% female (n = 46) and
were from a variety of racial and ethnic backgrounds. Primary caregivers identified 15%
of participants as African American or Black, 61% as Caucasian or White, 10% as Asian
or Pacific Islander, and 14% as Biracial. Ethnically, participants were identified as 31%
Latino or Hispanic and 69% not Hispanic or Latino. Participants were from a range of
income backgrounds, with 6% from homes with incomes less than $15,000, 9% with

incomes from $15,000 — $30,000, 17% with incomes from $31,000 — $45,000, 11% with
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incomes from $46,000 — $59,000, 2% with incomes from $60,000 - $75,000, 7% with
incomes from $76,000 - $100,000, 16% with incomes from $101,000 - $150,000, and
32% with incomes of $151,000 or more.

Design

An experimental design was used to test the effect of dialogic inquiry in a guided
discovery setting on promoting children’s numerical magnitude understanding. Children
were randomly assigned, stratified by gender to one of three conditions: the math-related
dialogic inquiry condition, the math statements condition, or the positive encouragement
condition, which are described below. Children completed pretest and posttest
assessments to measure their numeral knowledge, and child-experimenter interactions
were coded to measure child mathematical talk and behavior during the interaction.
Pretest and Posttest Measures

Pretest and posttest measures are described in detail below, and task scripts are
included in Appendix A.

Number line estimation (Siegler & Ramani, 2008). Children were presented
with 18 number lines on a tablet computer (Lenovo Tab 2), one at a time. Each number
line was a 25 cm line, with “0” below the left end, and “10” below the right end. A
numeral from 1- 9 was printed 2 cm above the center of the line, with each numeral
presented twice. Within each set of nine, the order of presentation of the numerals was
random. On each trial, the experimenter verbally identified the numeral at the top and
ask the child, “If this is where 0 goes (pointing) and this is where 10 goes (pointing),
where does N go?” Children were then prompted to tap on the number line where they

thought the right place for the number was. The task consisted of 18 trials, and the
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dependent variable was estimation accuracy or percent absolute error: PAE = (Jestimate-
estimated quantity| /scale of estimates) x 100. Because lower scores indicate higher
accuracy, scores were reversed to ease interpretability.

Magnitude comparison. For symbolic magnitude comparison, participants were
asked to compare pairs of symbolic numbers ranging from 1 — 9 on a tablet. Each
number was counterbalanced for side of presentation (i.e., 3|8, 8|3). The ratio between
pairs ranged from .11 to .89. After two practice problems, participants were shown 18
pairs of numbers and asked to tap on the number that was larger. The dependent variable
was the total number of pairs correctly compared.

Arithmetic (adapted from Prather & Alibali, 2011). The arithmetic task
consisted of 18 items total with two types of problems, both presented visually and orally
(see Appendix E). The first type of problem required children to make judgments about
which of two imaginary children (names gender-matched to participants) answered
arithmetic problems correctly. Children were shown two complete problems (either
addition or subtraction; e.g. 2+ 1=3,2 + 1 = 1), one of which was correct. All
equations were shown in the form of symbolic numerals and their corresponding
nonsymbolic quantities (i.e. sets of cookies). The experimenter read both of the problems
aloud as they pointed to the problem they were reading. The child was then asked to
indicate the problem belonging to the child who they thought “is right”. The two
equations were repeated by the experimenter as many times as the child needed. The
second type of arithmetic problem was presented symbolically (e.g. 1 +1=_,2-1=
__ ), and the experimenter read the problems aloud to the child while pointing to the

numerals in the equations. The problems were phrased, “How much is m plus n?” and
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“How much is n take away m?”. The child was asked to solve the problems, and the
experimenter recorded their answers. The dependent variable was the number of
questions correctly answered.

Ordinality. During the ordinality task, the experimenter presented children with
10 randomly ordered and spaced flash cards, each containing a numeral 1-10. Children
were asked to order the number cards from 1 to 10, “Can you put these numbers in order
for me from smallest to largest?”. The dependent variable was the number of numerals
correctly ordered by children.
Procedure

All participants completed two 20 min sessions with an experimenter within a
two-week period. Experimenters were three researchers, two of whom were blind to the
hypotheses of the study. The two researchers blind to the hypotheses of the study played
the game with 80% (n = 75) of the participants. There were no differences in the number
of experimenter utterances (p = .895), child utterances (p = .691), child interest (p = .431)
between children who participated with the researchers who were blind to the hypotheses
and those who participated with the researcher who was not blind to the hypotheses. All
experimenters interacted with children in all three conditions to avoid confounding
experimenter effects with condition effects. Additionally, three research assistants blind
to the conditions of the participants administered 85% (n = 80) of the posttests to
children. There were no significant differences in posttest measures between children
who participated with the researchers who were blind to condition and those who

participated with the researcher who was not blind to condition for number line
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estimation (p = .506), magnitude comparison (p = .332), arithmetic (p = .728), and
ordinality (p = .415).

During the first session, participants completed the pretest and then played the
board game, which is described below. The second session began with game play and
ended with the posttest, which was identical to the pretest. The interactions took place in
quiet spaces in the preschools designated by the directors and teachers of the schools. All
game play portions of the sessions were video-recorded.

The Board Game

All children played a life-sized linear number board game one-on-one with an
experimenter (see Appendix C for picture). The game board consisted of 10 numbered
spaces (1-10) and two blank spaces — one at the start of the game board and one at the
end. The game board was created from numbered foam squares that can be attached to
one another (Made by Poco Divo and commercially available). To play the game, the
child and the experimenter took turns spinning a spinner and moving the number of
spaces indicated by the spinner (see Appendix D for game play script). The spinner was
approximately 5 X 5 in (12.7 X 12.7 cm) and showed a circle with a “1” half and a “2”
half. The experimenter and the child moved along the board as if they were game pieces.
The experimenter allowed the child to stand and move directly on the number line and
stood off to the side if they were on the same space at the same time. The first person to
reach the space 10 won the round. The child and experimenter completed approximately
two games (M = 2.3 games; approximately 5 min total) in one game play session.

Experimenters were trained to let the child win if they suspected the child would become
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upset if they lost the game. All game play was recorded using a Panasonic High
Definition Video Camera (Model No. HC-V770).
Conditions

Children were randomly assigned, stratified by gender to the math-related
dialogic inquiry condition, the math statements condition, or the positive encouragement
condition. While playing the game, children in all conditions were prompted to say the
numbers they spun on the spinner (i.e. “one” or “two”) and to say the numbers in the
spaces as they moved (e.g. “four, five”). Children were always offered the first turn of
each game, and experimenters maintained a positive affect in all conditions and
throughout the course of the interactions. All children received encouragement
throughout the game (e.g. “You are really moving along!”). Experimenters playing the
game with the children asked one question, gave one prompt, or made one statement for
every turn the child takes. In this way, a similar number of questions/prompts or
statements were given across conditions. Children in all conditions experienced the
strategically enhanced materials (i.e. the life-sized board game) and contextualized
learning (i.e. the playground pretense).

Math-related dialogic inquiry condition. Children in the math-related dialogic
inquiry condition were asked questions and given prompts by the experimenter with the
aim of helping the child discover mathematical concepts and relations while playing the
game. For example, questions that asked included “How many spaces ahead of me are
you?” and “Who is leading?”. An example prompt is “’You were on number four. You
moved two, and now you are on number...”. Children in this condition were able to

discover mathematical concepts for themselves.
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Math statements condition. Children in the mathematical statements condition
were given mathematical information related to the game during game play in the form of
statements. For example, statements included “You are two spaces ahead of me.” and
“You are leading!”. Because mathematical information was given to the children in this
condition, they were unable to discover mathematical concepts for themselves.

Positive encouragement condition. Children in the positive encouragement
(active control) condition were not given any mathematical information, nor were they
asked questions that would help them uncover mathematical information, although they
were allowed to discover mathematical information for themselves because it was not
given to them by the experimenter. Instead, the children heard an equal number of
encouraging, game-related questions and statements from the experimenter. For
example, questions and statements that were given included “Let’s hope you get a good
spin!” and “What color are you on?”.

Coding of Experimenter-Child Interactions

In addition to using pretest and posttest measures to assess children’s learning,
observational data on children’s behaviors during game play was also coded for both
game play sessions (see Table 5 for definitions and examples of each of the codes) to
examine how children’s mathematical talk and behavior during the games varied across
conditions.

Reliability. One research assistant was trained on the coding scheme and
supervised for proper implementation of the codes. The research assistant was blind to
the hypothesis of the study and coded all game play sessions. Interrater reliability was

established between the author and the research assistant on 20 transcripts (21% of the
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transcripts). Individual codes in the coding system were not mutually exclusive.
Therefore intraclass correlations (ICCs) were calculated for each of the codes. ICCs
greater than or equal to 0.70 were considered acceptable levels of reliability (Ostrov &
Hart, 2012).

Mathematical talk. Mathematical talk was measured using child spontaneous
mathematical talk during the game play portions of the interactions, explicit preference to
spin the number two, and the proportion of children’s correct responses to experimenter
questions to total experimenter questions.

Child spontaneous math talk. The frequency of spontaneous child talk about
mathematical relations or concepts was counted as a measure children’s engagement with
mathematical concepts during game play. Talk was coded at the level of the utterance,
defined as a sequence of words preceded and followed by a pause, a change in
intonational pattern, or a change in speaker. Examples of spontaneous child math talk
include, “Now I’m closer to 10”, “You need a two to catch me”, and “I’m on a bigger
number”. The interrater reliability for child spontaneous math talk was ICC = .88.

Preference to spin the number two. Children’s spontaneous or elicited
expression of their preference to spin the number two (instead of one) was counted in
order to gauge their numerical magnitude understanding during game play. An example
of a child’s preference to spin the number two is “I hope I get a two!”. The interrater
reliability for child preference to spin the number two was ICC = .89.

Correct answers. The proportion of correct answers children give in response to
the experimenter’s math-related questions was calculated as a third measure of child

mathematical talk. The interrater reliability for child correct answers was ICC = .92.
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Mathematical behaviors. Mathematical behaviors were measured using
children’s accurate counting, numeral identification, and movements across the board.

Counting. The frequency of unassisted accurate counting of board game spaces
and other game-related items were counted. For example, children received credit for
accurately counting the number of spaces that the spinner indicated (e.g. “four, five” or
“one, two”) without the help of the experimenter. The interrater reliability for child
counting was ICC = .88.

Numeral identification. In order to further assess children’s mathematical
behaviors during game play, the frequency of children’s correct, unassisted numeral
identification of numbers on the spinner or on the game board was counted. Children
also received credit for accurately identifying the numbers on the spinner without the
assistance of the experimenter. The interrater reliability for child numeral identification
was ICC = .68.

Movements across the board. In addition, the number of times children moved
the correct number of spaces without the assistance of the experimenter was counted as
an indicator of behavior related to cardinal value understanding. For example, if a child
was on the number three space and spun a two, they received credit for moving to the
number five space. The interrater reliability for child movements was ICC = .99.
Control Variables

Family income-to-needs ratio. To utilize a more sensitive measure of
household income in the subsequent analyses, family income-to-needs ratios were
calculated for each participant by dividing a family’s annual household income by the

poverty threshold for that family. Poverty thresholds in the United States depend on the
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number of people typically residing in the child’s home and are determined each year by
the U.S. Census Bureau (U.S. Census Bureau, 2018). For example, the poverty threshold
for a family of three in 2017 was $19,730, while the poverty threshold for a family of five
was $29,253. Family income-to-needs ratios of 1 indicate that a family is living at the
poverty line. An income-to-needs ratio less than 1 indicates that a family is living below
the poverty line, and an income-to-needs ratio greater than 1 indicates that a family is
living above the poverty line. Specifically, an income-to-needs ratio of 2 indicates that a
family is living 200% above the poverty line (i.e. has a household income that is twice as
much as the poverty threshold for the number of people residing in that household). In
the present sample, family income-to-needs-ratios ranged from 0.30 to 8.94. The median
income-to-needs ratio in the sample was 3.06, while the mean income-to-needs ratio was
3.54.

Talkativeness. In addition to the above codes, one full minute of child-
experimenter interactions was transcribed in order to control for child and experimenter
talkativeness - the amount of speech a produced by the child and experimenter,
respectively. The minute of speech was transcribed from the first 20 s of game play
(after the instructions were given), the middle 20 s of game play, and the last 20 s of
game play during the child’s first session with an experimenter. This measure was
included in order to control for differences in shyness or behavioral inhibition in children
and to check for differences in experimenter talkativeness across conditions. All
experimenter and child speech during the interactions was transcribed at the level of the
utterance by reliable transcribers from the videos using the CHAT conventions of the

Child Language Data Exchange System (CHILDES, MacWhinney, 2000). An utterance
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was defined as a unit of speech which is terminated by a 2 s pause, grammatical closure,
or a change in speaker. After the transcripts were verified by a second reliable
transcriber, the number of experimenter and child utterances were totaled.

Child interest (Deckner, Adamson, Bakeman, 2006; Zippert, 2016). Child
interest during the board game was assessed using a behavioral coding scheme (Table 6).
Child interest consisted of three components: child attention, affect, and active
participation during game play. Interest was coded globally in that coders gave one score
for each component of interest per video-recorded interaction. Coders rated child
attention on a 5-point scale with a score of 1 indicating that the child did not attend to the
game at all during game play and a score of 5 indicating that the child constantly paid
attention to the game. Affect during game play was rated on a 5-point scale based on
vocal, facial, and behavioral cues with a score of 1 indicating extremely negative affect
(child looked bored throughout the interaction) and a score of 5 indicating extremely
positive affect (child laughed or smiled throughout the interaction). Active participation
was rated on a 5-point scale based on children’s vocal and behavioral contributions to the
conversation with a score of 1 indicating that the child was not participating (no verbal or
behavioral contributions during game play) and a score of 5 indicating that the child was
highly involved (many verbal or behavioral contributions during game play). The
interrater reliability for child interest was ICC = .97.

Data Analysis

Preliminary analyses. Prior to addressing the primary study aims, preliminary

analyses were conducted in the following manner. First, a multivariate analysis of

variance (MANOVA) was conducted to compare children’s numerical knowledge at
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pretest to test for differences between the three conditions. Second, preliminary analyses
were conducted to test for differences between groups on the control variables, including
gender, age, family income-to-needs, number of games played, number of games won,
time between sessions, time spent playing the game, child and experimenter
talkativeness, and child interest. The control variables that differed significantly between
groups were included as covariates in subsequent analyses. In addition, child
talkativeness was a planned covariate included in the analysis comparing child
mathematical talk between conditions.

Primary analyses.

Aim 1. Primary analyses were conducted to address the first aim of the study - to
examine the effect of math-related dialogic inquiry in a guided discovery setting on
children’s numerical knowledge. A repeated measures multivariate analysis of
covariance (MANCOVA) was conducted to test for differential improvements on the four
numerical knowledge measures between conditions. Given that the main prediction of
the study was that there would be greater gains in numerical knowledge from pretest to
the posttest for children in the dialogic inquiry condition compared to those in the other
two conditions, planned comparisons between conditions examining gains in the outcome
measures were conducted.

Aim 2. Next, primary analyses were conducted to address the second aim of the
study - to examine the effect of math-related dialogic inquiry in a guided discovery
setting on children’s mathematical talk and behaviors while playing a linear number
board game. Two separate MANCOV As were conducted to compare children’s

mathematical talk and behavior between conditions.
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Aim 3. Last, primary analyses were planned to address the third aim of the study
- to examine the relation between child mathematical talk and behavior during the board
game and improvements on pretest/posttest assessments. The planned mediation analysis
examining whether math-related dialogic inquiry increased participation and accuracy of
child math-related talk and behaviors and in turn, numerical knowledge, was not

conducted because the criteria were not met to run a mediation analysis.
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Chapter 4: Results
Preliminary Analyses

Prior to addressing study aims, a multivariate analysis of variance (MANOVA)
was conducted to compare children’s numerical knowledge at pretest between the three
conditions (Math-related dialogic inquiry, Math statements, Positive encouragement).
There were no significant differences in children’s number line estimation (p = .569),
magnitude comparison (p = .613), arithmetic (p = .635), or ordinality (p =.716) at pretest.
Unadjusted means and standard deviations of participants’ numerical knowledge scores
are presented in Table 7.

Gender. A total of 48 boys participated in the study, and 16 were randomly
assigned to each of the three conditions. A total of 46 girls participated in the study, and
16 were randomly assigned to the dialogic inquiry condition, 15 were randomly assigned
to the math statements condition, and 15 were randomly assigned to the positive
encouragement condition. Means and standard deviations of males’ and females’
numerical knowledge by condition are presented in Table 8. To determine if there were
differences in numerical knowledge at pretest between genders, a #-test was conducted.
No differences in number line estimation (p = .799), magnitude comparison, (p =.737),
arithmetic (p = .633), or ordinality (p = .564) were found (Table 9). Because conditions
were stratified by gender and there were no statistically significant gender differences,
gender was not included as a covariate in the following analyses.

Age. The mean age of participants was 4 years 4 months, with ages ranging from
3 years 2 months to 5 years 5 months. Means and standard deviations of child age by

condition are presented in Table 10. There were no statistically significant differences in
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child age between conditions, F(2,91) = 0.978, p = .380. To determine whether child
numerical knowledge at pretest varied as a function of age, correlations between child
age and each measure of numerical knowledge were conducted across conditions. There
was no statistically significant correlation between number line estimation and child age
(p = .848). However, child age was significantly related to magnitude comparison, (» =
572, p <.001), arithmetic (r = .479, p <.001), and ordinality (» = .569, p <.001)
performance at pretest. Because age was related to numerical knowledge at pretest, it
was included as a covariate in the following analyses. Correlations between age and
numerical knowledge variables at pretest are presented in Table 11.

Family income-to-needs. Across conditions participants in this sample had a
mean income-to-needs ratio of 3.54, indicating that on average, children in this sample
were living in homes with annual incomes 300% above the poverty line. Further, there
was great variability in participants’ income-to-needs ratios, with ratios ranging from
0.30 to 8.94.

Means and standard deviations of family income-to-needs ratios by condition are
presented in Table 12. To determine if child numerical knowledge at pretest varied as a
function of family income-to-needs, correlations between family income-to-needs and
each measure of numerical knowledge were conducted. Correlations between income-to-
needs and numerical knowledge variables at pretest are presented in Table 11. There
were no statistically significant correlations between family income-to-needs and number
line estimation (p = .356), magnitude comparison, (p = .951), arithmetic (p = .882) or
ordinality (p = .447) performance at pretest. Because family income-to-needs was not

significantly different between conditions (F(2,91) = 2.082, p = .131), and it was not
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correlated with numerical knowledge at pretest, it was not included as a covariate in the
subsequent analyses.

Number of games played. Across the three conditions, children played an
average of 4.59 games (SD = 1.43) over the course of the two sessions. An analysis of
variance (ANOVA) was conducted to determine if there were differences in the number
of games played between conditions. No statistically significant differences in the
number of games played was found between conditions, p = .663. Means and standard
deviations of the number of games played by condition are presented in Table 13.
Because the number of games played was not significantly different between conditions,
it was not included as a covariate in the subsequent analyses.

Number of games won. Across the three conditions, children won an average of
4.58 games (SD = 1.41) over the course of the two sessions. An ANOVA conducted to
determine if there were differences in the number of games won between conditions
showed no significant differences in the number of games won, p =.713. Means and
standard deviations of the number of games won by condition are presented in Table 13.
Because the number of games won was not significantly different across conditions, it
was not included as a covariate in the subsequent analyses. The ratio of games won to
games played was 4.58/4.59 = .998, indicating that children won the board game nearly
every time. This likely occurred because children were always offered the first turn of
the game, and experimenters were trained to let the child win if they seemed like they
would become upset if they lost.

Time between sessions. On average across the three conditions, one week passed

between session one and session two for participants. Means and standard deviations of
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the time between sessions by condition are presented in Table 13. An ANOVA
conducted to test for differences in time passed between session one and session two
between conditions showed that there were no significant differences, p = .331. For this
reason, time passed between sessions was not included as a control variable in the
following analyses.

Time spent playing game. Across conditions, children spent on average a total
of approximately 8 min (SD = 3 min) playing the board game. Means and standard
deviations of the amount of time spent playing by condition are presented in Table 13.
An ANOVA was conducted to determine if there were differences in the amount of time
spent playing the game between conditions. No statistically significant differences in the
amount of time spent playing were found, p = .059. However, these differences were
trending towards significance, with children in the dialogic inquiry condition spending an
average of 1 min and 20 s more (M = 8 min, 41 s, SD = 3 min, 12 s) playing the game
than children in the math statements condition (M = 7 min, 12 s, SD =2 min, 33 s) and
children in the positive encouragement condition (M = 7 min, 14 s, SD = 2 min, 33 s).
For this reason, time spent playing the game was included in the subsequent analyses as a
covariate.

Child and experimenter talkativeness during game play. On average across
conditions, children produced 5.04 utterances (SD = 3.88) during one minute of game
play, and experimenters produced a mean of 28.01 utterances (SD = 3.96). Means and
standard deviations of the amount of time spent playing by condition are presented in
Table 14. ANOVAs were conducted to test for differences in experimenter and child

utterances between conditions. No statistically significant differences were found in
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experimenter utterances between conditions, p = .368. Because the number of
experimenter utterances was not significantly different between conditions, it was not
included as a covariate in the subsequent analyses.

However, while there were no statistically significant differences in the number of
child utterances across conditions, p = .074, these differences were trending towards
significance, with children in the dialogic inquiry condition producing about two more
utterances on average (M = 6.28, SD = 3.74) during the sampled one-minute period
compared to children in the math statements condition (M = 4.16, SD = 3.14) and the
positive encouragement condition (M = 4.65, SD = 4.45). Because the number of child
utterances was nearly significantly different between conditions, it was included as a
covariate in the analyses predicting child mathematical talk.

Child interest. On average, child interest was high across conditions with a
mean of 4.64 for child attention (SD = 0.77), 4.91 for child affect (SD = 0.31), and 4.76
for child paying attention (SD = 0.70). A MANOVA was conducted to test for
differences in child interest between conditions. No statistically significant differences in
child interest were found between conditions, p = .196. Means and standard deviations
for child attention, affect, and paying attention for each condition are presented in Table
15. Because child interest was not significantly different between conditions, it was not
included as a covariate in the subsequent analyses.

Primary Analyses

Aim 1) To examine the effect of math-related dialogic inquiry in a guided

discovery setting on children’s numerical knowledge. To examine the hypothesis that

children in the math-related dialogic inquiry condition would show greater improvements
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on the measures of numerical knowledge, a repeated measures multivariate analysis of
covariance (MANCOVA) was conducted. The analysis compared the pretest and posttest
scores on the four numerical knowledge measures - number line estimation, magnitude
comparison, arithmetic, and ordinality - of children in the three conditions. Unadjusted
means and standard deviations of participants’ numerical knowledge are presented in
Table 7. Session (Pretest vs. Posttest) was used as the within-subjects variable, and
condition (Math-related dialogic inquiry vs. Math statements vs. Positive encouragement)
was used as a between-subjects variable. Age and time spent playing the game were
included as covariates. The omnibus repeated measures MANCOVA test using the
Pillai’s Trace as the F statistic and partial eta squared as the effect size revealed that there
was no main effect of session, F(4,86) = 0.92, p = .456, n,> = .04, but there was a main
effect of condition, F(8,174) =2.02, p < .05, np> = .09, and a significant session x
condition interaction, F(8,174) = 3.66, p < .01, np> = .14. Additionally, for the covariates
there was an effect of age, F(4,86) = 18.46, p < .001, np> = .72, and time spent playing the
game was marginally significant, F(4,86) = 2.34, p = .061, np> = .10. There was no
session x age interaction, F(4,86) = 1.07, p = .375, np> = .05, and no session x time spent
playing interaction, F(4,86) = 1.07, p = .216, np> = .06. All subsequent univariate
analyses were conducted using Bonferroni’s # statistic for all main effects, covariate
effects, and interactions that were significant in the omnibus test. Adjusted means and
standard deviations of children’s numerical knowledge by condition are displayed in
Figure 1.

Number line estimation. The ANCOVA for number line estimation revealed that

there was no main effect of condition, F(2,89) = 1.15, p = .323, n,*> = .03, and no session
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x condition interaction, F(2,89) = 0.35, p = .707, ny*> = .01. Additionally for the
covariates, there was no effect of age, F(1,89) = 0.00, p = .993, 1,2 = .00, or time spent
playing the game, F(1,89) = 0.81, p = .372, n,> = .01. Planned comparisons confirmed
that there were no significant improvements in any of the conditions on number line
estimation.

Magnitude comparison. The ANCOVA for magnitude comparison revealed that
there was no main effect of condition, F(2,89) = 0.24, p = .785, n,*> = .01, but there was a
significant session x condition interaction, £(2,89) =3.61, p < .05, np2 =.08. The test
also revealed for the covariates an effect for age, F(1,89) = 55.31, p <.001, n,*> = .38, but
not for time spent playing the game, F(1,89) = 1.28, p = .261, n,*> = .01. These results
indicate that across conditions and sessions, older children performed better than younger
children on this task. Importantly, there were differential improvements in magnitude
comparison performance over time between groups. Planned comparisons revealed that
participants in the mathematical statements condition (Pretest: M = 13.53; Posttest: M =
12.20) significantly declined in performance (p < .05) compared to participants in the
dialogic inquiry condition (Pretest: M = 12.92; Posttest: M = 13.83) and participants in
the positive encouragement condition (Pretest: M = 13.10; Posttest: M = 12.69). The
means presented are adjusted for covariates age and time spent playing the game.

Arithmetic. The ANCOVA for arithmetic revealed that there was a main effect of
condition, F(2,89) = 7.34, p < .01, np2 = .14. There was also a significant session x
condition interaction, F(2,89) = 11.54, p <.001, np2 = .21. For the covariates, there was
an effect of age, F(1,89) = 36.85, p <.001, 0> = .29, but no effect of time spent playing

the game, F(1,89) = 1.16, p = .284, n,> = .01. These results indicate that across
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conditions and sessions, older children performed better than younger children on this
task. Similar to magnitude comparison, there were differential improvements in
arithmetic performance over time between groups. Planned comparisons revealed that
participants in the dialogic inquiry condition improved more from pretest (M = 7.52) to
posttest (M = 12.37; p <.001) than participants in the mathematical statements condition
(Pretest: M = 7.07; Posttest: M = 8.34) and participants in the positive encouragement
condition (Pretest: M = 7.62; Posttest: M = 7.50). However, there were no significant
differences in learning gains for arithmetic between children in the mathematical
statements condition and children in the positive encouragement condition. The means
presented are adjusted for covariates age and time spent playing the game.

Ordinality. The ANCOVA for ordinality revealed that there was no main effect
of condition, F(2,89) = 0.74, p = 478, n,> = .02. However, there was an effect of age,
F(1,89) = 47.07, p < .001, n,> = .35, and a marginally significant effect of time spent
playing the game, F(1,89) = 3.78, p = .055, n,*> = .04. There was no significant session x
condition interaction, F(2,89) =0.12, p = .887, np2 =.00. These results indicate that there
were no overall condition differences in performance averaged across sessions.
However, on average, across conditions and sessions, older children performed better
than younger children on this task. Additionally, there was some indication that the
longer children spent playing the game, the better their overall ordinality performance
was across the two sessions. Lastly, planned comparisons revealed that participants in
the dialogic inquiry (Pretest: M = 6.01 Posttest: M = 7.48) and mathematical statements
conditions (Pretest: M = 5.09; Posttest: M = 6.51) improved more from pretest to posttest

(both p < .05) than participants in the positive encouragement condition (Pretest: M =
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5.58; Posttest: M = 6.61). However, there were no significant differences in the
improvement on ordinality between children in the dialogic inquiry and mathematical
statements condition. The means presented are adjusted for covariates age and time spent
playing the game.

Aim 2) To examine the effect of math-related dialogic inquiry in a guided
discovery setting on children’s mathematical talk and behaviors while playing a
linear number board game. To examine the hypothesis that dialogic inquiry would
increase children’s mathematical talk and behavior during game play, observational data
from children in the three conditions was compared. Means and standard deviations of
participants’ mathematical talk and behavior between conditions are presented in Tables
16 and 17.

Child mathematical talk. A MANCOVA was used to compare the frequency of
child spontaneous mathematical talk, preference for the number two, and proportional of
correct answers (mathematical talk) in the math-related dialogic inquiry condition to that
of the children in the math statements and positive encouragement conditions. The
adjusted means by condition are shown in Figure 2. Age, time spent playing the game,
and child utterances were used as covariates. The analyses showed that there were no
significant differences in child mathematical talk between conditions, F(6,174) = 1.35, p
=239, np? = .04. Therefore, no follow-up univariate analyses were conducted.

Child mathematical behaviors. A MANCOVA was used to compare the
frequency of unprompted and unassisted counting, numeral identification, and cardinality
(mathematical game play behaviors) of children in the math-related dialogic inquiry

condition to that of the children in the math statements and positive encouragement
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conditions. The adjusted means by condition are shown in Figure 3. Age and time spent
playing the game were used as covariates. The analyses showed that there were no
significant differences in child mathematical talk between conditions, F(6,176) =0.78, p
=.586, > = .03. Therefore, no follow-up univariate analyses were conducted.

Aim 3) To examine the relation between child mathematical talk and
behavior during the board game and improvements on pretest/posttest assessments.
The mediation analyses examining whether math-related dialogic inquiry predicted child
math-related talk and behaviors and in turn predicted numerical knowledge was not
conducted because the criteria were not met to run a mediation analysis (Baron & Kenny,
1986). In order to conduct a mediation analysis, three criteria needed to be met: 1)
condition and numerical knowledge gains (outcome) needed to be correlated, 2) condition
and math talk and behavior (mediator) needed to be correlated, and 3) math talk and
behavior (mediator) needed to be correlated with numerical knowledge gains (outcome).
In this case, condition and numerical knowledge were statistically significantly related,
but condition was not correlated with math talk and behavior, and math talk and behavior
were not correlated with the outcome. Therefore, Aim 3 was unable to be examined.
Additional Analyses

Examination of age-related ceiling effects. To examine the possibility that there
were age-related ceiling effects present in the data, the primary analyses were re-run on
two subsamples defined by a median split on age of older and younger children. If the
pattern of results changes significantly, it could be concluded that child age plays a major
role in the effectiveness of the manipulation. For example, it is possible that the

intervention was more effective for younger children due to ceiling effects, in which case
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the expected results would show significant session x condition interactions for more
numerical knowledge for younger children, but not for older children. Alternatively, if
the results show more significant findings for older children, it could be concluded that
the manipulation may be less developmentally appropriate for younger children. The
median age of participants in the sample was 52.92 months, and the results for the
younger children are presented first.

Younger participants. A repeated measures MANCOV A was conducted
comparing the pretest and posttest scores on the four numerical knowledge measures -
number line estimation, magnitude comparison, arithmetic, and ordinality - of children in
the three conditions whose age was younger than 52.92 months. Time spent playing the
game was included as a covariate. The omnibus repeated measures MANCOVA test
using the Pillai’s Trace as the F statistic and partial eta squared as the effect size revealed
that there was no significant session x condition interaction, F(8,82) = 1.92, p =.069, np2
=.16. Although the omnibus interaction was not significant, follow-up ANCOVAs were
conducted to examine the effects of the manipulation on the individual numerical
knowledge measures.

Number line estimation. The ANCOVA for number line estimation revealed that
there was no session x condition interaction, F(2,43) =0.29, p =.747, np2 = .01. Pairwise
comparisons confirmed that there were no significant improvements in any of the
conditions on number line estimation.

Magnitude comparison. The ANCOVA for magnitude comparison revealed that

there was no significant session x condition interaction, F(2,43) = 3.61, p = .155, np> =
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.08. Pairwise comparisons confirmed that there were no significant improvements in any
of the conditions on number line estimation.

Arithmetic. The ANCOVA for arithmetic revealed that there was a significant
session x condition interaction, F(2,43) = 5.87, p < .01, n,> = .21. As with the full
sample, there were differential improvements in arithmetic performance over time
between groups. Pairwise comparisons revealed that participants in the dialogic inquiry
condition improved more from pretest (M = 6.69) to posttest (M = 10.54; p <.01) than
participants in the mathematical statements condition (Pretest: M = 5.19; Posttest: M =
7.06) and participants in the positive encouragement condition (Pretest: M = 5.94;
Posttest: M =5.22). However, there were no significant differences in learning gains for
arithmetic between children in the mathematical statements condition and children in the
positive encouragement condition.

Ordinality. The ANCOVA for ordinality revealed that there was no significant
session x condition interaction, F(2,43) = 0.27, p = .765, np> = .01. However, pairwise
comparisons revealed that participants in the dialogic inquiry (Pretest: M = 3.00 Posttest:
M = 5.77) improved more from pretest to posttest than participants in the mathematical
statements condition (Pretest: M = 2.63; Posttest: M =4.81, p <.05) and the positive
encouragement condition (Pretest: M = 3.44; Posttest: M =4.72, p <.05). However, there
were no significant differences in the improvement on ordinality between children in the
mathematical statements condition and the positive encouragement condition.

Older participants. A repeated measures MANCOVA was conducted comparing
the pretest and posttest scores on the four numerical knowledge measures of children in

the three conditions whose age was more than 52.92 months. Time spent playing the
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game was included as a covariate. The omnibus repeated measures MANCOVA test
revealed that there was a significant session x condition interaction, F(8,82) =2.39, p <
.05, 1, =.19. Follow-up ANCOVAs were conducted to examine the effects of the
manipulation on the individual numerical knowledge measures.

Number line estimation. The ANCOVA for number line estimation revealed that
there was no session x condition interaction, F(2,43) =2.05, p = .141, np2 =.09. Pairwise
comparisons confirmed that there were no significant improvements in any of the
conditions on number line estimation.

Magnitude comparison. The ANCOVA for magnitude comparison revealed that
there was no significant session x condition interaction, F(2,43) =2.30, p = .11, np2 =.10.
Pairwise comparisons confirmed that there were no significant improvements in any of
the conditions on magnitude comparison.

Arithmetic. The ANCOVA for arithmetic revealed that there was a significant
session x condition interaction, F(2,43) = 6.21, p < .01, np> = .22. Pairwise comparisons
revealed that participants in the dialogic inquiry condition improved more from pretest
(M = 8.63) to posttest (M = 14.26) than participants in the mathematical statements
condition (Pretest: M = 9.13; Posttest: M = 9.80; p <.001) and participants in the positive
encouragement condition (Pretest: M = 9.08; Posttest: M =9.62; p <.001). However,
there were no significant differences in learning gains for arithmetic between children in
the mathematical statements condition and children in the positive encouragement
condition.

Ordinality. The ANCOVA for ordinality revealed that there was no significant

session x condition interaction, F(2,43) = 0.07, p = .932, ny*> = .00. Pairwise comparisons
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confirmed that there were no significant improvements in any of the conditions on
magnitude comparison.

Conclusions of the examination of age-related ceiling effects. Regarding the
possibility that there were age-related ceiling effects present in the data, it is apparent
from these results that the pattern of results remains largely the same when conducting
the analyses on younger children only and on older children only. The effect of dialogic
inquiry on addition remained for both groups separately. The effects for magnitude
comparison were reduced in both groups; however, this is likely due to power issues with
smaller subsamples. Because there were no differential changes in the results between
older and younger children for magnitude comparison, there is no indication that older
and younger children responded differently to the manipulation. Similarly, the effect for
ordinality was reduced for older children, but showed an increased advantage for younger
children in the dialogic inquiry group. Last, the results for number line estimation for
older and younger children matched the results from the full sample. Because the pattern
of results was largely the same for younger and older participants with a single exception
for younger children on ordinality, it is unlikely that there were age-related ceiling effects
in the data.

Relating mathematical talk and behavior to gain scores. Because the planned
mediation was unable to be conducted, the role of mathematical talk and behavior in
predicting children’s arithmetic knowledge was further explored. In service of this goal,
a regression was conducted predicting arithmetic gains scores using condition and the
composite variables for mathematical talk and behavior as independent variables. Age

and time spent playing the game were used as covariates. If mathematical talk and
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behavior contributed to the variation in the gains scores for arithmetic, it would be
expected that the beta coefficients for these variables would be significant.

The regression showed that neither age (5* = .081, p = .427) nor time spent
playing the game (f* = .021, p = .840) were significant predictors of arithmetic gain
scores, however they were retained in the model to control for confounding factors.
Next, condition, mathematical talk, and mathematical behavior were entered into the
model. The results revealed that condition significantly predicted arithmetic gain scores,
p* =-.456, p <.001. However, mathematical talk was not a significant predictor, f* = -
.090, p =.550, nor was mathematical behavior, f* = .069, p = .648. These analyses
indicate that mathematical talk and behavior as they were measured in this study do not
explain why dialogic inquiry boosted children’s arithmetic skills above and beyond the

skills of children in the mathematical statements and positive encouragement conditions.
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Chapter 5: Discussion

Broadly, the goal of this study was to examine the effect of dialogic inquiry in a
guided discovery setting on children’s numerical knowledge understanding. Specifically,
this study had three aims: 1) To examine the effect of math-related dialogic inquiry in a
guided discovery setting on children’s numerical knowledge, 2) To examine the effect of
math-related dialogic inquiry in a guided discovery setting on children’s mathematical
talk and behaviors while playing a linear number board game, and 3) To examine the
relation between child mathematical talk and behavior during the board game and
improvements on pretest/posttest assessments. The results of this study provide evidence
that dialogic inquiry can improve children’s numerical knowledge.

Importantly, this study built on past research in that participants in all conditions
were participating in a guided discovery activity that involved contextualized learning, a
crucial element of guided discovery interventions (Clements & Sarama, 2007; Diamond
et al., 2007; Hiebert & Wearne, 1993, 1996). Further, the study examined dialogic
inquiry during a novel life-sized 1-10 linear number board game modeled after the paper
version of The Great Race (Ramani & Siegler, 2008). In this way, the same strategically
enhanced materials were used for all conditions, which theoretically helps children learn
through interacting with a concrete representation of an abstract concept (i.e. numerical
magnitude; Thelen, 1996; Wilson, 2002). Additionally, experimenter blindness has been
historically absent from many experiments using guided discovery, thus, great care was
taken to ensure the blindness of the experimenters who interacted with the participants.
Blindness was achieved on a large majority of the game playing sessions and posttests,

and there were no differences in experimenter talkativeness, child talkativeness, child
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interest, or posttest scores between blind and non-blind experimenters. Another unique
aspect of this study was that numerical magnitude understanding, a lessor studied
mathematical domain in guided discovery research, was the target mathematical concept.
In these ways, this study expanded the extant literature and broadened the field’s
understanding of the role of dialogic inquiry in guided discovery settings.
Math-Related Dialogic Inquiry in a Guided Discovery Setting

Findings from the present study indicate that dialogic inquiry improves children’s
numerical knowledge understanding in some areas. As predicted, children who were
engaged in math-related dialogic inquiry improved on arithmetic compared to children
who heard math-related statements and general positive encouragement while playing the
same board game. Asking children math-related questions compared to telling them
math-related statements targeting the same information allowed them to think about and
engage with magnitude- and arithmetic-related information differently, such that it lead to
greater learning in these areas. It is possible that this was because children were allowed
to discover mathematical concepts for themselves in the dialogic inquiry condition. In
the math statements condition, children were given the information, thus, did not have to
construct the knowledge themselves. In the dialogic inquiry condition, children were
never given answers to the mathematical questions being posed, and participants had to
find the answers themselves. This is consistent with a large body of literature that has
found that guided discovery interventions and manipulations are effective if the activity
allows children to discover the mathematical concepts for themselves (Anastasiow et al.,
1970; Bobis et al., 1994; Hiebert & Wearne, 1993, 1996, Kamii & Dominick, 1997).

However, discovering mathematical information cannot entirely explain the findings
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because children in the positive encouragement condition were also allowed to discover
mathematical information for themselves in that they were not given the information by
the experimenter. It is not enough to allow children to discover the concepts themselves,
their attention must also be drawn to the mathematical learning opportunities around
them, and dialogic inquiry serves the function of drawing children’s attention to the
relevant mathematical information. This combination of alerting children to the
mathematical concepts present and allowing them to discover them for themselves seems
to be an important recipe for improving children’s mathematical learning.

It is also possible that some combination of mechanisms contributed to the greater
improvements for the children in the dialogic inquiry condition. For example, it is
possible that the dialogic inquiry condition afforded children the opportunity to learn
from a combination of mechanisms (e.g. child discovery of mathematical concepts and
strategically enhanced materials). Dialogic inquiry may simultaneously make them
aware of the mathematical cues present in the strategically enhanced materials, while the
strategically enhanced materials enable them to discover the “answers” for themselves.
The results indicate that dialogic inquiry is particularly important for promoting an
advanced numerical skill, arithmetic, that children are less likely to learn by only
interacting with the materials as in the positive encouragement condition, or by only
hearing presented as a series of facts as in the mathematical statements condition.

Alternatively, dialogic inquiry may be effective in improving children’s
arithmetic skills because it promotes conversations about arithmetic between children and
experimenters. Indeed, studies examining the effect of maternal elaboration on children’s

learning show that greater elaboration present in parent-child conversations promotes
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greater child participation and promotes better memory skills, such as encoding and
retrieval, and language skills, including print concepts. In this study, the linguistic
interactions present in the dialogic inquiry condition may provide children an opportunity
to co-construct numerical knowledge, and eventually internalize this newly constructed
knowledge (Fivush, Haden, & Reese, 2006). In other words, dialogic inquiry may allow
children to construct their own knowledge in a socially mediated learning setting, which
is simultaneously compatible with both Piagetian constructivism and Vygotskian
scaffolding (Piaget, 1952; Vygotsky, 1978). The intervention may have been particularly
effective at promoting arithmetic skills because it was the most advanced mathematical
skill tested, and previous studies examining the effect of maternal elaboration found that
it largely promoting more advanced skills in young children. This may be the case within
the mathematical domain as well.

For a more foundational mathematical outcome, ordinality, children in both the
dialogic inquiry and mathematical statements conditions improved their knowledge from
pretest to posttest compared to that of their peers in the positive encouragement
condition. In this case, the findings indicate that experimenter questioning was not
necessary for children to improve their ordinality understanding, however the
strategically enhanced materials (i.e. the board game) alone were not enough. Children’s
understanding of ordinality improved as long as their attention was drawn to the order of
numerals on the game board, whether in the form of questions or statements. This may
be because more basic skills may only require children to have experience in order to
learn them, whereas more advanced skills, such as arithmetic, may be better learned when

children think deeply about and discuss the ideas with a more expert other. If this is the
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case, dialogic inquiry would be a more effective approach to teaching advanced
numerical skills, and ordinality could be taught be simply exposing children to the order
of numbers, whether in the form of statements or questions.

It is also important to note that there was a significant session x condition
interaction for magnitude comparison, which was driven by a significant decline in the
performance of children in the mathematical statements condition. It is surprising that
hearing mathematical facts compared to math-related questions and general positive
encouragement would lead to poorer performance. It is possible that the statements
provided to children about magnitude actually hindered their learning. Indeed, using
statements to teach children has been shown to reduce child exploration and subsequent
overall learning while producing efficient learning of target items (Bonawitz, Shafto,
Gweon, Goodman, Spelke, & Schulz, 2011). In this study, it is possible that children
learned the specific magnitude comparisons that the experimenter discussed during the
game, but that this prevented children from thinking and talking about different
magnitude comparison opportunities that arose during the game that were not explicitly
mentioned by the experimenter. In addition, pedagogies that emphasize teaching through
statements are less engaging for children compared to pedagogies that emphasize
questioning (Olander & Robertson, 1973; Stipek et al., 1995). It is possible that the
mathematical statements lead to minimal learning on magnitude comparison and that
children’s lower engagement levels also lead to declines in performance at posttest.
Combined, these explanations are one possible reason for the drop in performance on
magnitude comparison for children in math statements condition, but further work is

needed to explore this possibility.
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Although there were differential improvements in children’s arithmetic,
ordinality, and magnitude comparison performance, there were no differences in
improvements for number line estimation. It is particularly surprising that there were
neither significant improvements by condition, nor improvements for all participants
from session one to session two on number line estimation, considering the linear nature
of the board game. It was expected that children would increase their numerical
magnitude understanding on this task for a several reasons. Theoretically, the embodied
cognition approach suggests that children’s physical interactions with concrete
representations of number will improve their concrete mental representation of number
(Thelen, 1996; Wilson, 2002). Therefore, it was expected that the exaggerated
kinesthetic cues about numerical magnitude (Fischer, Moeller, Huber, Cress, Nuerk,
2015) present in the life-sized board game would bolster this learning about numerical
magnitude. Second, previous research has shown that the regular-sized version of the
game successfully improved preschooler’s numerical magnitude knowledge (Ramani &
Siegler, 2008; Siegler & Ramani, 2008). One possible explanation for the unexpected
findings is that the life-sized linear number board game was not conducive to improving
numerical magnitude estimation on a number line because of the physical orientation of
the game. Siegler and Ramani (2009) found that playing a regular-sized linear number
board game oriented from left to right on a table improved children’s numerical
magnitude understanding measured on a number line oriented left to right, but playing a
circular version of the same game did not. In the current study, the game is oriented from
bottom to top with the child moving forward with the numerals facing them from one

space to the next. It is possible that this orientation did not improve learning on the
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number line task because the game does not transparently map onto the representation of
the number line in the number line estimation task or the internal representation of the
mental number line (Siegler, 2016). Indeed, the representational mapping hypothesis
states that the greater the transparency of the mapping between the target mental
representation and the physical materials, the greater the learning of the internal mental
representation (Siegler & Ramani, 2009).

In sum, dialogic inquiry may be particularly effective at improving more
advanced numerical skills, such as arithmetic, that would be difficult for children to learn
by interacting only with strategically enhanced materials or by merely being told
arithmetic facts. On the other hand, it is possible that drawing children’s attention to
more foundational mathematical concepts, such as ordinality, is enough to improve their
knowledge in these areas. It is unclear why mathematical statements were detrimental to
children’s magnitude comparison performance, however it may have inadvertently
restricted learning, and children’s interest levels may have contributed to the decline in
performance. Lastly, the physical board game may not have mapped well enough onto to
children’s mental representations of the number line to improve their performance on the
number line estimation task. Overall, this study showed that dialogic inquiry is an
important mechanism for improving children’s numerical knowledge understanding in
some areas, however, more work is needed to understand why it is effective for certain
mathematical skills and not for others.

Mathematical Talk and Behaviors While Playing a Linear Number Board Game

The second aim of the study was to examine whether different types of input

influenced children’s mathematical talk and behaviors while playing the game. It was
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hypothesized that children in the dialogic inquiry condition would engage in more
spontaneous math talk, would more frequently express a preference to spin the number
two, and would more accurately answer math-related questions compared to children in
the mathematical statements and positive encouragement conditions. It was also
hypothesized that children in the dialogic inquiry condition would more frequently
engage in unprompted, accurate mathematical behaviors, including counting, identifying
numerals, and moving the number of spaces indicated by the spinner. However, there
were no significant differences between the conditions for mathematical talk and
behavior. For all six measures of mathematical talk and behavior, the unadjusted group
means were in the expected directions. This is an indication that it is possible that
significant group differences would emerge if participants had been participated in more
than two sessions.

An alternative possibility is that the type of input children hear while playing the
game does not influence the children’s math talk or behavior because the design of the
game itself may lead to children being engaged in math-related talk and behavior. The
game was enlarged to exaggerate the numerical cues so this may have helped children to
notice, comment on, and interact with the numerical elements of the game. Indeed, the
preliminary analyses revealed that children in all three conditions showed great interest
and engagement while playing the game as measured by their attention, affect, and active
participation during game play. It may have been the case that the game materials elicit a
large amount of mathematical talk and behavior that no specialized input above and
beyond the materials is necessary to encourage mathematical engagement during the

game. Indeed, context plays an important role in children’s mathematical talk, behavior,
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and overall engagement during an activity (Daubert, Ramani, Rowe, Eason, & Leech,
under review; Stipek et al., 1995; Vandermaas-Peeler, Nelson, Bumpass, & Sassine,
2009), and board games in particular have been shown to elicit math talk and behaviors,
such as counting spaces and identifying numerals (Ramani, Siegler, & Hitti, 2012).

Because the criteria were not met to run a mediation analysis, the mediation
between math-related dialogic inquiry, child math-related talk and behavior, and
numerical knowledge was not tested. The goal of this analysis was to explore why
dialogic inquiry might improve numerical knowledge outcomes, but the effect of dialogic
inquiry was not explained by mathematical talk and behavior because no statistically
significant differences were found between groups. However, another variable may
explain why dialogic inquiry improved arithmetic performance. Specifically, it is
possible that children’s performance could be explained by overall child talkativeness,
instead of math-related talk. While there were no statistically significant differences in
the number of child utterances across conditions, these differences were trending towards
significance (p = .074), with children in the dialogic inquiry condition producing
approximately 50% more utterances during the single minute of game play that was
transcribed than children in the mathematical statements and positive encouragement
conditions. Increased talkativeness may be a sign of child interest in the activity, which
could lead to greater learning gains for children who are more interested in the board
game as a result of the pedagogical context.
Limitations

Some limitations of the current study should be noted. First, it is possible that

children in the dialogic inquiry condition performed better on some of the outcome
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measures because they had practice with the format of math-related questions being
asked during the tasks while playing the game. However, this is unlikely for several
reasons. First, the questions presented during game play were different in nature from the
questions presented during posttesting. For example, a question about arithmetic during
game play would typically be “You’re on two. What do you need to spin to get to four?”.
During posttesting, questions testing arithmetic took the form “Sofia says 2 + 2 = 4, but
Madison says 2 +2 = 1. Who do you think is right?”” and “How much is 2 + 2?”. These
two forms of questions, while tapping into the same mathematical skill, have very
different compositions, and practice with one form is unlikely to transfer to performance
on the other. Further, children in the positive encouragement condition heard questions
(albeit non-math-related) during game play as well, and children in the math statements
condition, who heard no questions during game play, showed greater improvements on
the ordinality task. If improvements were due to exposure to questioning during game
play, then the results for all outcome measures would likely show that children in the
dialogic inquiry performed best, followed by children in the positive encouragement
condition, and lastly, children in the mathematical statements condition. However, it is
important to note that it is possible that children in the dialogic inquiry condition
outperformed their peers in the other conditions in part due to their practice with math-
related questions during game play.

Second, because there was no passive control condition in this study, it is difficult
to disentangle the effects of the strategically enhanced materials on children’s learning
from children’s natural development of these skills outside of board game play.

Presumably, children are developing an improved understanding of ordinality as a result
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of their learning at home, school, and broader maturation. Therefore, the improvements
between session one and session two of children in the positive encouragement group
cannot be attributed to their interactions with the board game, although it is possible that
children were learning through their interactions with the board game even without
experimenter mathematical input. It is also possible that children in this group would
have shown similar improvements without interacting with the strategically enhanced
materials, which are an important part of children’s learning in guided discovery settings
(Arnold et al., 2002; Cook, 2000; Ness & Feranga, 2007; Whyte & Bull, 2008).
However, this is an important empirical question that could be answered with further
investigation into the specific mechanisms that contribute to the effectiveness of guided
discovery.
Future Directions

There are some directions future research on this topic could explore. First, the
review of the literature revealed that guided discovery interventions that allowed for peer
interaction with same-age familiar peers and discussion were effective in promoting their
children’s learning (Burts et al., 1993; Diamond et al., 2007; Hiebert & Wearne, 1993,
1996; Marcon, 1993, 2002), indicating that the opportunity for peers to interact and “co-
discover” may be a crucial element of guided discovery. The current study did not
include an element of peer interaction, but future studies should look at the effect of
children playing the board game together or teaching the game to one another to gain a
better understanding of the effects of co-discovery of mathematical concepts in guided

discovery settings.
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Second, this study focused on the effect of dialogic inquiry compared to
mathematical statements and general positive encouragement, but because of this, only
one degree and type of dialogic inquiry was explored. In future studies, it will be
important to examine the amount of dialogic inquiry (more vs. fewer questions) and the
effect of different types of dialogic inquiry. For example, the types of questions children
hear could focus on more foundational numerical skills, such as counting (e.g. “How
could we figure out how many spaces there are?”) or more advanced skills, such as
arithmetic (e.g. “You’re on the two; if you spin a two, what number would you move
t0?””). It may be important to provide children with a mix of easier and more difficult
questions, or children may respond best to questions that target their ZPD (Vygotsky,
1978). For example, providing a mix of easier and more difficult questions may lead to
some questions serving as review, some questions that require some thought and
discussion but are answerable for children (questions targeting the child’s ZPD), and
some questions that are outside of the child’s ability to answer, but will expose them to
topics to be learned in the future. Alternatively, it may be best to ask the second type of
question: questions that consistently challenge children to learn what they do not yet
know, but what they could do with the scaffolding of an experimenter or teacher. In this
case, the level difficulty of the questions asked would necessarily depend on the child’s
baseline level of understanding.

Further, it is crucial that future studies examine the role of individual differences
in children’s learning from dialogic inquiry in guided discovery setting. Children may
interpret different types or degrees of dialogic inquiry differently based on their

background, baseline numerical knowledge, or previous experience with inquiry-based
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learning in the home or school. For example, children familiar with questioning in
learning settings compared to children who are unfamiliar with questioning may learn
more from dialogic inquiry because they are comfortable responding to questioning,
rather than intimidated or confused. On the other hand, children who are unfamiliar with
dialogic inquiry may respond optimally to questioning because they may flourish in a
novel, rich learning setting. However, this is an empirical question that should be
examined in subsequent studies.

Lastly, future studies should include a delayed posttest or follow-up assessment in
order to measure children’s numerical knowledge after a period of not being exposed to
the manipulation. Measuring children’s numerical knowledge during a follow-up
assessment would allow researchers to understand if the effects of the manipulation are
maintained, decline, or emerge. For example, finding that children’s numerical
knowledge remained the same at follow-up as it was at posttest would indicate that the
manipulation effects are maintained after a certain period of time. Alternatively, it is
possible that at the delayed posttest, children’s numerical knowledge would increase for
children in the dialogic inquiry group, possibly indicating that the manipulation affected
children’s learning outside of game play with the experimenter. If this were the case,
children may have internalized the experimenter questioning and started acting as their
own questioners in the classroom, thus enhancing their learning. However, future studies
should include a follow-up assessment to examine these possibilities.

Implications and Applications
Definition of guided discovery. During guided discovery, children are able to

build on their existing knowledge through their interactions with objects in their
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environment and with other people (Piaget, 1952). Children also learn effectively under
the guidance of a more expert other (Vygotsky, 1978). In this regard, guided discovery is
a developmentally appropriate setting which is ripe for children to improve their
numerical knowledge understanding.

However, there has been a lack of consistency in the definition of guided discovery, and
few studies have examined the specific mechanisms that contribute to the effectiveness of
guided discovery, which could inform the development of a reliable and valid definition
of the construct. This study serves as an important step toward defining guided
discovery. Based on the findings, dialogic inquiry appears to be a crucial part of guided
discovery and should be included in future construct and operational definitions of guided
discovery.

Classroom applications. Many early childhood educational approaches and
curricula emphasize the importance of using of dialogic inquiry for improving young
children’s mathematical understanding, including programs such as Montessori, Math
Talks, and the Pre-K Mathematics Curriculum (American Montessori Society; Klein &
Starkey, 2002; Parrish, 2011). These programs already value dialogic inquiry and child
discovery in the classroom for promoting child learning. Thus, this study provides one
example of an evidence-based, engaging guided discovery activity that in conjunction
with dialogic inquiry could be used in the classroom to promote children’s numerical
knowledge. Beyond programs that already embrace the value of dialogic inquiry for
promoting children’s learning, the study provides evidence for the use of dialogic inquiry
during guided discovery activities for improving young children’s mathematical

understanding. Overall, this study highlights the specific contribution of dialogic inquiry
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to guided discovery activities and can inform the development of an evidence-based
definition and effective interventions.
Conclusion

Guided discovery is a developmentally appropriate setting for children that
supports mathematical learning. However, this is one of the few studies to have
examined the specific mechanisms that make guided discovery an effective setting for
young children to learn. The findings provide some evidence for the effectiveness of
dialogic inquiry for improving numerical knowledge in young children. In a time when
only 40% of 4 graders score Proficient or higher on national standardized tests of
mathematics (Department of Education, 2015), and strong mathematical skills are vital
for career advancement and daily functioning (National Research Council, 2001), the
current study helps to explain when and why guided discovery pedagogies are effective,
and can aid in the development of developmentally appropriate, evidence-based

interventions, which could bolster children’s numerical knowledge from an early age.
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Table 1

Pedagogical Approaches

Adult-initiated Child-initiated
Adult-directed Direct instruction Co-opted play?
Child-directed Guided discovery Free choice

Note: Table adapted from Weisberg, Kittredge, Hirsh-Pasek, Golinkoff, & Klahr. 2015
aCo-opted play is less studied than the other three pedagogical approaches and not
relevant to the current curricular debate and therefore will not be discussed in this paper.
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Table 2

Effective Elements of Guided Discovery Interventions

Element

Definition

Peer Interaction

The opportunity for peers to interact

Contextualized Learning

The practice of that of embedding educational
activities into a relevant, engaging context

Child Discovery of Mathematical
Concepts

Emphasis on the child discovering the targeted
mathematical principle or concepts, rather than
the teacher telling the child what they should be
learning at the start of a lesson
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GUIDED DISCOVERY ACTIVITIES

Table 3

Dosage, Level of Implementation, and Results of Studies

Study Dosage Level of Most Effective
Implementation Pedagogy

Bobis, Sweller, & Cooper, one 10-20 min session Elemental Guided Discovery

1994

Cantor, Dunlap, & Rettie, one session Moderate Direct Teaching

1982

Fisher, Hirsh-Pasek, one 15-min session Moderate Guided Discovery

Newcombe, & Golinkoff,

2013

Rittle-Johnson, 2006 one 40-min session Elemental Guided Discovery

Peters, 1970 five sessions Moderate None

King, 1991 Six 45-minute Elemental Guided Discovery

sessions over 3 weeks

Anastasiow, Sibley, three weeks Comprehensive Guided Discovery

Leonhardt & Borich, 1970

Worthen, 1968 six weeks Comprehensive Direct Teaching
(immediate posttest);
Guided Discovery
(five week delay)

Olander & Robertson, 1973 31 weeks Comprehensive None

Burts, Hart, Charlesworth,  one year Comprehensive Guided Discovery

& McWolf, 1993

Clements & Sarama, 2007  one year Comprehensive Guided Discovery

Hiebert & Wearne, 1993 one year Comprehensive Guided Discovery

Lillard & Else-Quest, 2006  one year Comprehensive Guided Discovery

Marcon, 1993 one year Comprehensive None

Marcon, 2002 one year Comprehensive Guided Discovery

Stipek, Feiler, Daniels, & one year Comprehensive None

Milburn, 1995

Kamii & Dominick, 1997 one or two years Elemental Guided Discovery

Diamond, Barnett, Thomas, two years Comprehensive Guided Discovery

& Munro, 2007
Hiebert & Wearne, 1996 three years Comprehensive Guided Discovery




Table 4

Demographics, Mathematical Domain, Blind Posttest, and Results of Studies

Study Age SES Gender Mathematical Domain Blind Most Effective
Posttest Pedagogy

Clements & Sarama, Preschool low 49% female; Geometry; Arithmetic; no Guided Discovery
2007 no effect Counting
Diamond, Barnett, Preschool low 49% female;  Woodcock-Johnson: n/a Guided Discovery
Thomas, & Munro, no effect Applied Problems
2007
Marcon, 2002 Preschool low 54% female; =~ Math Achievement yes Guided Discovery

no effect
Fisher, Hirsh-Pasek, 4- and 5-year- middle 48%; no Geometry no Guided Discovery
Newcombe, & olds effect
Golinkoff, 2013
Stipek, Feiler, Daniels, Preschool, low, 53% female; Woodcock-Johnson; n/a None
& Milburn, 1995 kindergarten = middle, no effect Peabody Individual

high Achievement Test

Anastasiow, Sibley, Kindergarten low 44% female;  Classification; Sorting  n/a Guided Discovery
Leonhardt & Borich, no effect
1970
Marcon, 1993 Kindergarten low 48% female;  Arithmetic yes None

no effect
Peters, 1970 Kindergarten  low n/a; no effect  Conservation (of None

Number, Difference, &
Area)

Lillard & Else-Quest,  5-year-olds low, n/a; no effect  Woodcock-Johnson: n/a Guided Discovery



2006 middle Applied Problems
Burts, Hart, Kindergarten  low, 51% female; Math Achievement yes Guided Discovery
Charlesworth, & middle, no effect
McWolf, 1993 high
Cantor, Dunlap, & Kindergarten n/a 50% female; Probability n/a Direct Teaching
Rettie, 1982 no effect
Kamii & Dominick, 2" 34 grade  middle n/a Arithmetic n/a Guided Discovery
1997
King, 1991 5™ grade middle  39% female;  Geometry n/a Guided Discovery
n/a

Worthen, 1968 5% and 6™ low, 50% female;  Arithmetic n/a Direct Teaching

grade middle, no effect (immediate

high posttest);
Guided Discovery
(five week delay)
Hiebert & Wearne, [st, pnd 3rd low, n/a Arithmetic no Guided Discovery
1996 grade middle,
high

Hiebert & Wearne, 2" orade n/a n/a Arithmetic no Guided Discovery
1993
Bobis, Sweller, & 8- and 9-year- n/a 50% female’  Geometry no Guided Discovery
Cooper, 1994 olds n/a
Rittle-Johnson, 2006 3%, 4% 5t n/a 44% female;  Equivalence Guided Discovery

grade no effect
Olander & Robertson, 4™ grade n/a 50% female;  Stanford Achievement n/a None
1973 no effect Test: Computation,

Concepts, and
Applications
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Table 5

Coding of Experimenter-Child Interactions

Code

Definition

Example

Child spontaneous
math talk

Child spontaneous
talk about
mathematical
relations or concepts

Child: “Now I’'m
closer to 10.”

Preference to spin the

Child’s explicit
preference to spin the
number two instead of

“I hope I get a two!”

Mathematical Talk number two the numl.)eT one
because it is the larger
number
Experimenter: “We
Correct child are both on the
responses to number three. Who is
Correct answers . ;N
experimenter closer to 10?
questions
Child: “Nobody!”
Child moves two
Children’s accurate spaces and counts
. counting of board “one, two” or the
Accurate counting . .
game spaces without  numerals in the
experimenter help. spaces (e.g. “six,
seven”).
Children’s accurate
identification of
) numbers in the board Child spontancousl
Mathematlcal Accurate numeral game spaces or on the . 5P y
Behaviors identifies the number

identification

spinner (excluding
count-on sequences)
without experimenter
help.

they spin, “Two!”

Accurate moving
(cardinality)

Children’s moving
the correct number of
spaces along the game
board without
experimenter help.

Child starts on the
number seven. Child
spins a two and
moves to the number
nine.




Table 6

Coding of Child Interest During Interactions

1 2 3 4 5
Child does Child is Child pays Child mostly Child pays
not attend to  mostly does attention for  pays attention for
Paying the game for not pay about half of attention, the entire
attention the whole attention, the time but small game
interval but small instances of
instances of inattention
attention
Child looks  Child looks Child looks  Child looks  Child laughs
bored slightly neither slightly or smiles
throughout  bored bored nor interested frequently
Affect the (mostly interested in ~ (mostly during the
interaction neutral with the game neutral with  game
one hints of some
boredom or smiling or
negativity) laughing)
Child makes Child Child makes Child makes Child makes
. no makes 1 2-3 4 5+
ACtlYe, ] contribution  contributio  contribution contribution contribution
Participatio s during the  n during s during the s duringthe s during the
n interval the game game game game




Table 7

Means and Standard Deviations of Participants’ Performance on Numerical Knowledge

Measures by Condition

Pretest Posttest Pre vs.
Post
Group, Measure M SD Min  Max M SD  Min Max r
Dialogic Inquiry (n = 32)
Number Line (PAE 7129 780 5548 8941 7051 734 5556 8732 51
Reversed)
Magnitude Comparison
(Number Correct) 13.16  4.67 2 18 1403 397 5 18 64
Arithmetic (Number 784  3.03 0 15 1275 522 0 18 34
Correct)
Ordinality (Number 6.06  4.09 0 10 763 391 0 10 58
Correct)
Mathematical Statements (n =31)
Number Line 69.33 923 4623 9052 6995 838 50.07 93.84 21
Magnitude 13.71 364 8 18 1242 483 0 18 78
Comparison
Arithmetic 7.10 345 0 14 839 330 0 16 70
Ordinality 5.39 467 0 10 6.68 435 0 10 41
Positive Encouragement (n = 31)
Number Line 69.11 9.74 5041 9389 67.85 849 5290 8825 40
Magnitude 12.68 390 6 18 1226 463 0 18 80
Comparison
Arithmetic 7.26 334 0 15 706 397 0 18 37
Ordinality 5.23 417 0 10 629 426 0 10 81
All Conditions (n = 94)
Number Line 69.92 891 4623 9389 6945 807 50.07 93.84 37
Magnitude 13.18 408 2 18 1291 451 0 18 71
Comparison
Arithmetic 7.40 325 0 15 944 487 0 18 42
Ordinality 5.56 428 0 10 687 417 0 10 60

Note. Means and standard deviations presented are not adjusted for covariates included in

the primary analyses.

Table 8
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Child Numerical Knowledge of Males and Females at Pretest by Condition

Dialogic Inquiry Mathematical Statements Positive Encouragement
Female Male Female Male Female Male
(n=16) (n=16) (n=15) (n=16) (n=15) (n=16)

M SD M  SD M  SD M SD M  SD M  SD

Number 69.7 73.5 68.2 70.1 104 704 67.6
Line 0 8.14 9 7.17 ) 7.43 4 g 4 9.89 9 9.72

Magnitude

: 12.6 13.7 14.6 13.0 13.0 12.3
Somparlso 5 5.35 3 3.86 ) 3.20 6 3.89 0 3.83 3 4.08
Arithmetic  8.12 333 753 272 7.69 325 6.67 3.61 631 3.61 827 279
Ordinality  6.00 4.14 6.13 4.17 585 4.78 5.06 4.71 5.06 442 540 4.03

Note. There were no statistically significant differences in numerical knowledge at pretest across
genders within conditions.
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Table 9

Child Numerical Knowledge of Males and Females at Pretest

Female Male Difference Statistics

(n=46) (n=48)

M SO M SD t p
Number Line 70.17 9.56 69.69 8.34 -0.26 799
Magnitude Comparison 13.33 3.76 13.04 4.40 -0.37 737
Arithmetic 724 3.14 7.56 3.38 0.48 .633
Ordinality 5.83 428 531 432 -0.58 .564
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Table 10

Child Age as a Function of Condition

M .
(months) SD  Min Max
Dialogic Inquiry 5330 7.40 39.03 65.25

Mathematical Statements 52.63 7.87 37.82 63.90

Positive Encouragement 50.69  7.75 37.62 64.56
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Table 11

Correlations Between Age and Income-to-Needs and Numerical Knowledge Variables at
Pretest by Condition

Income-  Number Magnitude

Age to-Needs Line Comparison Arithmetic Ordinality
Age 1
Income-to- %
Needs Ratio 20 !
Number Line .02 10 1
Magnitude o7 o1 03 !
Comparison
Arithmetic A48%* .02 -.10 S2%* 1
Ordinality STH* .08 .03 A49%* A44%* 1

p<.05."p<.01.
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Table 12

Family Income-to-needs as a Function of Condition

M SD
Dialogic Inquiry 4.75 2.05
Mathematical Statements 2.27 2.36
Positive Encouragement 3.32 2.40
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Table 13

Number of Games Played, Number of Games Won, and Time Spent Playing the Game as

a Function of Condition

Dialogic Mathematical Positive Difference
Inquiry Statements Encouragement Statistics
M SD M SD M SD F p
Number of 4.55 1.44 4.77 1.38 4.45 1.48 041 .663
Games Played
Number of
4.55 1.44 4.74 1.32 4.45 1.48 034 713
Games Won
Time Between
Sessions (in 566  4.65 7.81 6.97 7.52 6.77 1.12 331
days)
Total Time 8min, 3min, 7min, 2min, 7min, 2 min, 291 059
Spent Playing 41 s 12s 12s 33s 14s 33s ' '
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Table 14

Number of Experimenter and Child Utterances as a Function of Condition

Dialogic Mathematical Positive Difference
Inquiry Statements Encouragement Statistics
M SD M SD M SD F p
Number of 2759 3.86 2884 419 2761 384 101 368
Experimenter
Utterances
Number of Child ¢ »e 394 416 314 465 445 268 074
Utterances
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Table 15

Child Attention, Affect, and Paying Attention by Condition

Dialogic Inquiry Mathematical Positive
Statements Encouragement
M SD M SD M SD
Child Attention 4.84 0.59 4.63 0.76 4.45 0.90
Child Affect 5.00 0.00 4.87 0.34 4.87 0.41
Child Paying Attention 4.88 0.49 4.81 0.54 4.60 0.95

111



Table 16

Child Mathematical Talk by Condition

Dialogic Inquir Mathematical Positive
& quiry Statements Encouragement
M SD M SD M SD

Child Spontaneous
Math Talk 18.34 17.22 14.03 13.35 13.13 19.12
Child Preference to
Spin the Number Two 0.63 0.79 0.26 0.51 0.32 0.74
Child Correct Answers ) 54 0.21 0.47 0.47 0.50 0.48
(proportion)
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Table 17

Child Mathematical Behaviors by Condition

Dialogic Inquir Mathematical Positive
& quiry Statements Encouragement
M SD M SD M SD
Child Counting 7.81 9.97 4.00 5.61 3.58 6.87
Child Numeral 8.63 9.50 7.90 8.92 7.42 10.70
Identification
Child Movements 23.47 12.58 20.29 13.40 18.19 12.95
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Figure 1. Adjusted means for child numerical knowledge at pretest and posttest by

condition.
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Child Spontaneous Mathematical Talk
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Figure 2. Adjusted means for child mathematical talk by condition.
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Figure 3. Adjusted means for child mathematical behavior by condition.

Appendix A: Pretest/Posttest Measures Scripts
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0-10 Number Line Task Script

Open the Number Line 2 app on the tablet.

Now we’re going to play a game with number lines. I want you think really hard for
this game.

Have you ever seen a number line before?

For all children explain and show 0-100 number line:

A number line looks just like a line (point) with numbers across it. It shows us
numbers in order. The numbers go from the smallest to the largest.

Show child blank 0-10 number line

The number line we are going to be playing with today goes from 0-10. It starts
with zero at this end (point) and ends with 10 at this end (point).

Your job is to show me where some numbers go on the number line.

When you decide where the right place for a number is, I want you to make a mark
on the number line. Like this. Demonstrate for the child on a blank number line.
Make the line off-center.

Now would you like to try?

Great job! You can make a mark anywhere on the line where you think the right
place for that number is. Make about 5 marks in random places across the number line.

Okay? Now I am going to ask you to show me where some numbers go on the
number line. Remember, make your mark where you think the right place for the
number is.

Present first number line.

This is a #. If this is where zero goes (point), and this is where 10 goes (point), where
does N go?

If child looks confused or does not make a mark immediately, Make your mark where
you think the right place for this number is.

Go through all of the numbers (1-9), in random order (the tablet will present the numbers
in random order).

After 1st set:
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You did such a great job that we are going to go all of the numbers again.
Remember, you can make a mark anywhere on the line where you think the right
place for that number is.

Present second set of numbers.

If this is zero goes (point), and this is where 10 goes (point), where does N go?

Remind the child periodically through the session, I want you to think really hard for
this game.” Or “I want you to think really hard about this next one.

Praise the children periodically, I can tell you are really thinking about these.

Magnitude Comparison

Open the game called “Magnitude Comparison” on the tablet.
(Boys: John and Jordan) (Girls: Jaelyn and Sarah)

For this game, I am going to ask you to tell me which is more. Let’s try a couple of
easy ones.

Ok, if (name) has one 1 cookie and (name) has 6 cookies. Tell me which is more: 1
cookie or 6 cookies?

If correct, Great job! 6 cookies is more than 1 cookie. Let’s try another one.
If incorrect, Actually, 6 cookies is more than 1 cookies. Tell me which is more or

higher: 1 cookie or 6 cookies. Let’s try another one.

Ok, (name) has 5 cookies and (name) has 4 cookies. Tell me which is more: 5 cookies
or 4 cookies?

If correct, Great job! 5 cookies is more than 4 cookies.
If incorrect, Actually, 5 cookies is more than 4 cookies. Tell me which is more or
higher: 5 cookies or 4 cookies.

Ok, now we are going to do a bunch of other numbers.

Present the rest of the 18 pairs in the specified order. Tell me which is more: X cookies
or Y cookies? (Always cookies after each number).

Addition
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Now we’re going to play another game with numbers. For this game, I am going to
show you some math problems that two kids from another school did, and I want
you to tell me who is right.

For example, in this first problem, Jaelyn/Jayden said 2 cookies + 1 cookie = 2
cookies and Kaitlyn/Kaleb said 2 cookies + 1 cookie = 3 cookies. Who do you think
is right? Let child know they can point to the answer they think is “right”.

For each problem, say (name) said x +/- y =z and (name) said x +/- y =z. Who do
you think is right? Circle the child’s responses on the scoresheet.

For the second part of the task, Thank you for working so hard on those questions! I
can tell you are really using your brain. Now, I am going to ask you a few more
questions.

Point to the first problem as you read it. Can you tell me how much is x plus/and y?
(Can you tell me how much is x take away y?) You can use anything you need to
figure out the answer. Give child plenty of time and space to solve the problem. If they
ask for a pencil, provide it. If they ask for help solving the problem, just say Do your
best! or You can do it! or if they seem discouraged, You can always say “I don’t
know” or Would you like to try the next problem.

Ordinality
Spread out cards in front of child, right-side-up in random order in a generally circular

shape if possible. For this last game, I just have one question. Can you put these
numbers in order for me from smallest to largest?
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Appendix B: Parent Survey

Please tell us a little about you and your child. This information will be kept
confidential.

1. Please indicate the birthdate of your child (month/day/year):

2. What is your child’s gender? (circle one): MALE FEMALE

3. What is your child’s ethnicity? (Check the one that best describes your child.)
o Hispanic or Latino
o Not Hispanic or Latino
a Other (please list all groups that apply)

4. What is your child’s race? (Check the one that best describes your child.)
African American or Black

Caucasian/White

Asian or Pacific Islander

American Indian or Alaska Native

Biracial/Mixed Race (Please list all groups that apply)

0O00D0 DO

5. How many people typically reside in your household?

6. Annual household income:

0 Less than $15,000 0$60,000 - $75,000

o $15,000 - $30,000 0$76,000 - $100,000
o $31,000 - $45,000 0$101,000 - $150,000
o $46,000 - $59,000 0$151,000 or more

120



Appendix C: The Board Game

Appendix D: Game Play Script
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The Great Race Instructions — All Conditions

“Today we’re going to play a board game together. It is called The Great Race. In
this game, we are going to pretend to be Kkids racing on the playground, and these
kids love to run races. What is your favorite thing to do on the playground? Wait
for answer. OK, then, in this game, we will be racing to the whatever kid says here .”

“Before we get started let me go over the rules. Just like in other games, this game is
just for fun. What really matters is that we have fun playing the game together.”
Point to the board. “This is the board for our game. See, there are 10 spaces and they
are numbered 1 to 10. Let’s count the numbers in the spaces together.” Move to each
space as you count and encourage the children count the spaces with you. If needed,
provide the child with counting assistance.

""We will all start here (point at the blank space before 1) and whoever gets to the end
first wins (point to the number 10 space). I am going to show you are going to move in
a special way. As you move, you should say the numbers on the spaces. We will use
the spinner to know how many spaces we should move.”

Show the child the spinner. [1“This is the spinner. The spinner has a 1 (point) and a 2
(point). We will take turns spinning the spinner. On your turn, after you spin, say
out loud the number the arrow is pointing to. Then you will move your character
forward the number you spin. So, if you spin a 1, you move 1 space. If you spin a 2,
you move 2 spaces. Remember as you move, you should say the numbers on the
spaces.”

“Let me show you a practice turn. You are going to spin the spinner and say the
number that the arrow is pointing to. Say the number on the spinner. Then prompt the
child to move that number of spaces, and say the numbers on the spaces. “Like this.”
Move yourself the number on the spinner, and say out loud the numbers on the spaces as
you move.

“Now you try a practice turn. Remember to say the numbers with me.”
1. Spin the spinner and wait to see if the child says the number the arrow is pointing to.

If the children say the number that the arrow lands on out loud, then praise them.
“Great job. You said the number!”

If the children do not say the number on the spinner, prompt them to do so.
“Remember, after we spin, say the number the arrow is pointing to out loud.
What number is this? Great.

2. “Now we are going to practice moving. We are going to move the number we spin
on the spinner. So, we are going to move _number that was spun space(s).
Remember we are going to say the numbers in the spaces as we move. Let’s try
moving.”
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If the child says the numbers on the space as you move, praise the child. “That’s
right! You said the numbers on the spaces. Great job.”

If the child does not say out loud the numbers on the spaces, encourage the child
to complete the move correctly. “Remember to say out loud the numbers on the
spaces as you move. Try again and be sure to say out loud the numbers on the
spaces.” [

“Great, do you have any questions before we start?” Play the game.

Game Play — Three Conditions

1. Math-Related Dialogic Inquiry: Experimenter will ask questions with the aim of
helping the child to discover mathematical concepts and relations during the game.

* “How many spaces ahead of me are you?”

e Which number do you want to spin? Why?

*  What number do you need to spin to get to the ten?

*  Who is leading/winning/father ahead?

e What number are you on?

2. Math Statements: Experimenter will give children mathematical information related
to the game in the form of statements.

*  “You are two spaces ahead of me!”

*  You spun a two — great spin!

* Let’s hope you get a two!

*  You only need 3 more to get to 10!

* You are on the number 4.

3. Positive Encouragement: Experimenter will give children non-math-related positive
encouragement related to the game.

*  “You’re beating me!”

* Let’s hope you get a good spin!

* You are really moving along!

* You are great at this game!

*  What color are you on?

All conditions:

» Experimenters playing the game with the children will ask one question or make
one statement for every turn the child takes. In this way, a similar number of
questions/prompts or statements will be given across conditions.

* In all versions, child will always go first unless they specifically insist on the
experimenter going first.

* Only rig games so that child wins if they will be upset about losing.

* Be positive and have fun!
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Appendix E: Arithmetic Task

Lauren/Leo

2+5=4

+=

s

Rachel/Rodrigo

2+5=7

+@@ =

B &
BEHH

Arithmetic problem format one: “Lauren says 2 plus 5 equals 4, and Rachel says 2 plus 5

equals 7. Who do you think is right?”

2 + 1

Arithmetic problem format two: ““How much is 2 plus 1?”
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