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Abstract

Background: A key question in K-12 STEM education is how best to guide students as they engage in exploratory
learning activities so that students develop transferable knowledge. We investigated this question in a study
of teacher talk guidance of an exploratory activity called Invention. In this study, teachers worked one-on-one
with students, guiding them as they attempted to invent ratio-based equations of physical science phenomena. We
applied the interactive, constructive, active, and passive (ICAP) framework as a theoretical lens through which
to explore different forms of teacher talk guidance and resulting student talk. The ICAP hypothesis predicts
that constructive engagement leads to greater learning than active engagement, which in turn leads to greater
learning than passive engagement. However, students do not always enact the type of cognitive engagement that
teachers prompt. In this paper, we work towards three goals: (1) to explore the forms of cognitive engagement
prompted by teachers and enacted by students in their talk, (2) to test the ICAP hypothesis in the novel context of
teacher-student dialog during Invention, and (3) to identify effective forms of teacher talk guidance for Invention
activities and other exploratory STEM learning tasks.

Results: While the majority of student talk was active, teachers produced an even distribution of constructive, active,
and passive prompts. Teacher and student talk types tended to align, such that students often responded with the
type of cognitive engagement teachers invited, with the exception of passive talk. In general, teacher talk showed the
most robust relationship with students' abilities to transfer, while teacher-student dialog demonstrated a weaker
relationship with transfer, and student talk was not significantly related to transfer. Some evidence for the ICAP
hypothesis was found, most prominently in teacher talk, where constructive prompts positively predicted transfer,
active prompts were not related to transfer, and passive prompts negatively predicted transfer.

Conclusions: This research implies that teachers should use a large proportion of constructive prompts and relatively
few passive ones when guiding students through Invention tasks, when the goal is to provoke transfer of learning to
novel contexts. This work also extends the CAP portion of the ICAP hypothesis to teacher-student dialog and
underscores the teacher’s critical role in encouraging students to cognitively engage with exploratory STEM tasks in
effective ways.
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Introduction
A broad question in K-12 STEM (science, technology,
engineering, and math) education is how best to support
exploratory learning activities such as those focused on
discovery (Alfieri, Brooks, Aldrich, & Tenenbaum, 2011;
de Jong & van Joolingen, 1998; Mayer, 2004) and con-
struction (Kafai & Resnick, 1996; Papert, 1991). While
there are many ways to support exploratory learning ac-
tivities, such as technology-enabled scaffolds (Quintana
et al., 2004) or collaborative structures (Puntambekar &
Hubscher, 2005), the teacher likely plays a critical role in
guiding learners through the wheel-spinning, impasses,
and frustration that often accompany these types of min-
imally structured activities (Kolodner, Gray, & Fasse,
2003). In our view, the efficacy of many exploratory
learning activities often boils down to the astuteness of
teachers’ questions, hints, explanations, and other forms
of verbal scaffolding (Furtak, 2006; Lobato, Rhodehamel,
& Hohensee, 2012; Roth, 1996). Thus, a key question is
which types of teacher talk guidance optimally support
students as they engage with exploratory STEM learning
activities? In this paper, we investigate teacher talk guid-
ance in an exploratory task called Invention (Schwartz &
Bransford, 1998; Schwartz & Martin, 2004), during
which students attempt to invent representations to de-
scribe a set of data or examples. Research on effective
guidance for Invention activities has yielded conflicting
results (Chase, Connolly, Lamnina, & Aleven, 2019;
Holmes, Day, Park, Bonn, & Roll, 2014; Kapur, 2011;
Loibl & Rummel, 2014; Roelle & Berthold, 2016); how-
ever, no work has explored teacher talk guidance of
Invention.
We adopt the ICAP framework as a theoretical lens

through which to explore different forms of teacher talk
guidance and resulting student talk, as learners are
guided through Invention activities. A core premise of
the ICAP framework is that deep learning occurs when
learners construct novel inferences. Thus, the ICAP
framework seems highly relevant for Invention, given
the inherently constructive nature of Invention tasks.
According to the ICAP hypothesis (Chi, 2009; Chi &
Wylie, 2014), the mode of cognitive engagement learners
adopt determines how much they will learn. Interactive
modes of cognitive engagement yield greater learning
than constructive modes, which are better for learning
than Active modes, which in turn yield greater learning
than passive modes of engagement (I > C > A > P). How-
ever, much of the support for ICAP has been culled
from studies which classify fairly traditional learning ac-
tivities along ICAP lines. In this paper, we extend the
body of ICAP research to the non-traditional context of
Invention. Moreover, we look beyond the learning activ-
ity to explore how teachers use their talk to prompt stu-
dents for constructive, active, and passive modes of

engagement, how students respond, and how these cat-
egories of engagement relate to transfer outcomes.
A key goal of STEM education is to help students

transfer their understanding of fundamental principles
and structures to novel situations. Unfortunately, trans-
fer across highly variant contexts is notoriously difficult
to achieve, in any domain (Anolli, Antonietti, Crisafulli,
& Cantoia, 2001; Detterman, 1993; Gick & Holyoak,
1983; Lave, 1988), and there is no shortage of examples
of failed transfer in science and math domains (Adey &
Shayer, 1993; Clough & Driver, 1986; Georghiades, 2000;
Novick, 1988; Ross, 1989; Vattam & Kolodner, 2008).
Thus, it is important to identify forms of teacher-student
dialog that can promote the transfer of learning.
This paper works towards two broad goals. One goal is

to contribute to research on ICAP, expanding our under-
standing of how teachers prompt various forms of cogni-
tive engagement and testing the CAP portion of the ICAP
hypothesis in the novel context of teacher-student dialog
during Invention. A second goal is to understand teacher
guidance of Invention activities, with an eye towards iden-
tifying effective forms of guidance for Invention and other
exploratory STEM learning tasks.

The ICAP framework
The theoretical framework applied in this paper is the
ICAP framework of cognitive engagement (Chi, 2009;
Chi & Wylie, 2014). The ICAP framework differentiates
four modes of cognitive engagement which can be rea-
sonably inferred from learners’ overt behaviors. Accord-
ing to Chi and Wylie (2014), passive engagement occurs
when learners are “oriented toward and receiving infor-
mation” such as paying attention to a lecture or reading
a passage. Active engagement occurs when learners “ma-
nipulate some part of the learning materials” such as
copying solution steps, underlining portions of a text,
and repeating or rehearsing information. Constructive
engagement occurs when learners “generate… external-
ized outputs” that go beyond the information given, re-
quiring learners to make novel inferences, such as
drawing a concept map, generating predictions, or
self-explaining. Interactive engagement occurs when two
learners both construct ideas during joint dialog, such as
debating an issue, asking and answering one another’s
questions, and jointly explaining. Note that the ICAP
categories are hierarchical, such that higher modes of
engagement subsume lower modes. For example, being
interactive also involves being constructive, being con-
structive also involves active engagement, and so on.
The ICAP hypothesis predicts that learning outcomes

(in many domains) depend on the learner’s mode of cog-
nitive engagement, such that generally, interactive en-
gagement will yield the greatest amount of learning,
followed by constructive, then active, and finally, passive
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engagement, which should yield the least learning. A
caveat is that the ICAP hypothesis applies to deep learn-
ing and other outcomes that require deep, flexible know-
ledge, such as transfer. For instance, passive engagement
may be just as good as constructive engagement for
shallow forms of learning like rote memorization of
facts.
In an extensive review of the existing literature, Chi

(2009) classified the learning activities of many prior stud-
ies into ICAP categories and found extensive support for
the ICAP hypothesis. There is also more explicit evidence
for the ICAP hypothesis which has compared different in-
structional activities explicitly designed by researchers to
promote various modes of cognitive engagement
(Menekse, Stump, Krause, & Chi, 2013). However, this
raises many questions about the teacher’s role in facilitat-
ing these modes of engagement. In the latest work on
ICAP from Chi et al. (2018), they explored how teachers
translate ICAP into the design of their own lessons. They
found that teachers were competent at developing active
lessons but struggled to develop constructive and inter-
active ones. Lessons they designed to be constructive or
interactive tended to call for more active engagement, ac-
cording to an analysis of teachers’ worksheet questions.
Moreover, while students were slightly more likely to re-
spond with constructive writing in response to construct-
ive or interactive prompts, the most frequent response to
any kind of written prompt was active. Thus, teachers had
difficulty designing activities to provoke the intended
mode of engagement, and even when they were successful,
students had difficulty responding with the intended form
of engagement. This work underscores an interesting ten-
sion between intended and enacted modes of engagement.
In our study, we explore to what extent students enact the
type of cognitive engagement that teachers prompt, in the
context of teacher-student dialog.
The Chi et al. (2018) study explored how effectively

teachers translated the ICAP theory into the design of
learning activities and worksheets. However, what re-
mains unexplored is how teachers elicit various forms of
student engagement with their talk, which is arguably
the most common form of teacher guidance. While
there is some research relating to the ICAP hypothesis
in the context of tutor-tutee dialogs (Chi, Roy, & Haus-
mann, 2008) and other work comparing more and less
interactive collaborative talk (Chi & Menekse, 2015), this
work did not explicitly code teacher and student talk
into constructive, active, or passive categories. Moreover,
most work on ICAP has experimentally manipulated the
type of lesson, rather than exploring spontaneously-aris-
ing forms of constructive, active, and passive types of en-
gagement. This ignores the fact that within a single
lesson, teachers are likely to provoke, and students are
likely to enact, many forms of engagement.

In the current study, we directly examine the teacher’s
role in facilitating various forms of cognitive engagement
in students, in the context of one-on-one teacher-student
dialog. Thus, we classify teacher and student talk into con-
structive, active, and passive (CAP) modes. To explore the
alignment between intended and enacted forms of engage-
ment, we ask whether teachers’ prompts for various forms
of cognitive engagement correspond to the type of cogni-
tive engagement students enact in their responses. In
addition, we relate constructive, active, and passive forms
of student and teacher talk to students’ ability to flexibly
transfer their learning to novel contexts, in order to test
the CAP portion of the ICAP hypothesis.
We do not examine interactive engagement in this

paper because we focus on how teachers prompt stu-
dents for various forms of engagement. To be truly
interactive, both partners must (1) share constructive
ideas that go beyond the given materials and (2) engage
with each other’s ideas (Chi et al., 2018). Moreover,
interactive dialog is only more beneficial than construct-
ive talk because it allows the learner to infer from new
knowledge provided by the partner. Thus, an interactive
teacher prompt in the context of teacher-student inter-
action would provide some knowledge that is new to the
student, then prompt the student to make an inference
from that knowledge (e.g., by asking the student to elab-
orate on a given explanation or inviting the learner to
reason about some novel information). This occurs in
the context of “guided construction” when a more
knowledgeable partner (teacher, tutor, expert) provides
hints and elaborative feedback that students draw upon,
when constructing knowledge (Chi, 2009). In our data-
set, there were very few instances of truly interactive
prompts, in which the teacher prompted the student to
engage with some knowledge that the teacher produced.
When teachers provided new information, such as con-
tent explanations, they were rarely accompanied by
prompts for the student to build on them. In contrast,
when teachers prompted learners to construct novel in-
ferences, these prompts were often content-free (e.g.,
“Explain your answer”) or posed a question about infor-
mation the student had already provided (e.g., “You told
me this is more crowded than this. Why?”). Thus, truly
interactive prompts so rarely occurred in our data set
that we could not effectively explore the interactive cat-
egory, within the context of teacher prompts. This is
perhaps why Chi et al.’s latest definition of interactive
engagement confines it to collaborative interactions be-
tween peers (2018).

Evidence of the CAP hypothesis in teacher and student
talk research
Thus far, we have reviewed work conducted within the
ICAP frame, which largely examines learning activities.
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In this section, we look beyond ICAP work to review
some existing research on teacher and student talk in
math and science tasks. The research reviewed in this
section does not explicitly examine CAP categories, but
we have interpreted the researcher’s categories along
CAP lines.
Generally, there is a paucity of research exploring the

connection between teacher talk and formally-assessed
student learning or transfer outcomes (Howe & Abedin,
2013; Kyriacou & Issitt, 2008). Moreover, research on
the efficacy of teachers’ constructive talk is somewhat
mixed. Teachers’ constructive prompts in the form of
“higher cognitive questions” have shown conflicting ef-
fects on student learning across meta-analyses (Redfield
& Rousseau, 1981; Samson, Strykowski, Weinstein, &
Walberg, 1987; Winne, 1979). More recent qualitative
research suggests that constructive forms of questions
may be beneficial for learning, particularly when com-
pared to active forms (Hiebert & Wearne, 1993; Wolf,
Crosson, & Resnick, 2005). Passive prompts, which
largely take the form of teacher explanations, seem to
bear little relationship to deep learning. For instance,
some work has found that the number of explanations
students received was unrelated to their math learning
(Webb, 1991). Other work has demonstrated small posi-
tive relationships between tutor explanations and learn-
ing, but only for shallow learning (Chi, Siler, Jeong,
Yamauchi, & Hausmann, 2001) or learning of certain
science topics (Vanlehn, Siler, Murray, Yamauchi, &
Baggett, 2003).
We now discuss evidence relating to the CAP hypoth-

esis in student talk research. Extensive research shows
that constructive forms of student talk are beneficial for
learning. For instance, students’ self-explanations
(Bielaczyc, Pirolli, & Brown, 1995; Chi, de Leeuw, Chiu,
& LaVancher, 1994; Rittle-Johnson, 2006; Wong,
Lawson, & Keeves, 2002), explanations to others (Webb,
1991), and deep questions (Davey & McBride, 1986;
Graesser & Person, 1994; King, 1994) have been associ-
ated with positive learning and transfer outcomes in sev-
eral STEM domains. In addition, several studies have
shown that students’ constructive talk (e.g., interpreting
and generating) is associated with greater task success or
learning compared to various forms of active or passive
student talk (e.g., describing, affirming, etc., Chi et al.,
2008; Coleman, Brown, & Rivkin, 1997; Fuchs, Fuchs,
Mathes, & Simmons, 1997; Teasley, 1995).
In sum, while there is good evidence suggesting that

constructive student talk yields learning and transfer, the
evidence relating constructive teacher prompts to stu-
dent outcomes is mixed. Studies of constructive teacher
prompts may yield inconsistent findings either because
teacher talk codes were not designed for CAP categories
or because of inconsistent alignment between teacher

and student engagement, such that in some studies, the
form of engagement provoked by teacher prompts was
not enacted by the students. There is also very little
work that distinguishes between active and passive forms
of either teacher or student talk. Thus, a study that tests
the CAP hypothesis by coding explicitly for CAP cat-
egories in both teacher and student talk is needed.
Moreover, examining the relationship between aligned
teacher-student exchanges and student outcomes may
yield stronger evidence of the CAP hypothesis.

Invention activities
Much of the work that supports the ICAP framework
involves fairly traditional learning activities, such as
reading from a text, note-taking, well-structured
problem-solving, and drawing concept maps (Atkinson,
Renkl, & Merrill, 2003; Bauer & Koedinger, 2007; Chi et
al., 1994; Czerniak & Haney, 1998; Griffin, Wiley, &
Thiede, 2008; Trafton & Trickett, 2001; Yin, Vanides,
Ruiz-Primo, Ayala, & Shavelson, 2005). There is some
work supporting the ICAP hypothesis in non-traditional
activities, such as jigsaw collaboration or learning with a
pedagogical agent (Doymus, 2008; Moreno, Mayer,
Spires, & Lester, 2001). We know of one recent study
that coded student talk during collaborative Invention
tasks using ICAP categories, but findings relating forms
of engagement to outcomes were mixed (Mazziotti,
Rummel, Deiglmayr, & Loibl, 2019). Thus, more re-
search is needed to determine whether the ICAP theory
extends to exploratory problem-solving activities, such
as Invention. In particular, Invention activities may pro-
vide a fertile testing ground for the CAP hypothesis. Be-
cause the goal of Invention is inherently constructive
(i.e., to invent a representation that is novel to the stu-
dent) we would expect a more balanced distribution of
constructive, active, and passive forms of engagement,
compared to many traditional learning activities studied
in the context of ICAP, which tend to evoke mainly ac-
tive forms of engagement (Chi et al., 2018).
In the current study, teachers guided students through

Invention activities. Invention is a type of exploratory
problem-solving that has successfully enhanced learning
and transfer in many science and math domains (Roll,
Aleven, & Koedinger, 2009; Schwartz & Bransford, 1998;
Schwartz, Chase, Oppezzo, & Chin, 2011; Schwartz &
Martin, 2004; Shemwell, Chase, & Schwartz, 2015;
Taylor, Smith, van Stolk, & Spiegelman, 2010). During
Invention, students attempt to construct a representa-
tion of the “deep structure” of a domain. A deep struc-
ture is a unifying principle or relational structure—a
fundamental construct that underlies a content area. In-
ventions can take many forms, but students often invent
an equation, chart, or diagram. Inventors are frequently
guided by a set of “contrasting cases” (Fig. 2). These
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cases are seeded with predesigned contrasts that high-
light deep features, providing student inventors with
clues to the fundamental principles that underlie them
(Bransford, Franks, Vye, & Sherwood, 1989; Bransford &
Schwartz, 1999).
A key component of the Invention instructional method

is that the Invention activity precedes direct instruction.
While students often produce incorrect inventions, the
process of generating and evaluating candidate equations
helps them begin to notice deep features of the problem,
uncover gaps in their understanding, and develop
well-differentiated prior knowledge of the domain (Loibl,
Roll, & Rummel, 2017)—all of which prepares them to
learn the canonical principles from traditional expositions
(Kapur, 2008; Schwartz & Bransford, 1998). The
teacher-student dialogs we explore in this study occur
only during the Invention phase of this method, not dur-
ing the lecture phase. This is because we are particularly
interested in identifying effective guidance of the explora-
tory, unstructured portion of this instructional method.
Evidence on the effect of guidance during Invention

has been mixed. Loibl and Rummel (2014) found that
guidance in the form of contrasting cases that conflict
with learners’ invented solutions did not impact learn-
ing, while Kapur (2011) found that guidance in the form
of teachers’ on-demand individual help, mini-lectures,
and whole-class discussions actually hindered learning,
relative to an unguided Invention condition. However,
other work suggests that guidance during Invention can
be beneficial. One study found that guiding students
through a series of subgoals during Invention activities
led to greater conceptual learning than a no-guidance
condition (Holmes et al., 2014). Another study found
that computerized “problematizing” (Reiser, 2004) guid-
ance enhanced transfer over two minimal guidance con-
ditions (Chase et al., 2019), and another study found
that comparison activities facilitated learning from In-
vention activities for some students (Roelle & Berthold,
2016). We suspect that differences across studies may be
due to variation in the specific type of guidance provided
(ranging from contrasting cases to problematizing activ-
ities to teacher lessons). Moreover, in many studies where
students successfully learn and transfer from Invention ac-
tivities, teachers and experimenters provide some verbal
guidance during the Invention tasks themselves (Schwartz
et al., 2011; Schwartz & Martin, 2004). However, surpris-
ingly little research has examined how specific types of
teacher talk affect learning or transfer from Invention
tasks. To our knowledge, no studies have measured
teachers’ talk guidance of Invention tasks, and no studies
have explored guidance of Invention using the ICAP
framework.
Another question we pose in this work is what forms

of guidance teachers will spontaneously provide during

Invention activities. On the one hand, we might expect
teachers’ guidance to align with the activity, and since
Invention is a constructive activity by nature, we might
expect teachers to produce mostly constructive prompts.
On the other hand, there is work suggesting that even
when provided with problems that require learners to
generate novel inferences, American math teachers fre-
quently guide students to engage in more active forms
of plug-and-chug problem-solving (Stigler & Hiebert,
2004), which would likely be accompanied by mainly ac-
tive and passive teacher prompts. Moreover, work in the
tutoring literature in the context of traditional learning
activities suggests that many tutors dominate and con-
trol the dialog, largely explaining and providing
feedback, rarely providing opportunities for extensive
student construction (Chi et al., 2001; Vanlehn, 2018).
Thus, we set out to explore the types of cognitive
engagement teachers would invite in the context of
Invention.

The current study
In the present study, teachers worked one-on-one with
students, guiding them through two Invention tasks. We
analyzed teacher-student dialog and student perform-
ance on assessments of basic learning and transfer of ra-
tio structures in scientific formulas, with an eye towards
answering four main questions.
Research question 1: What forms of engagement will

teachers prompt students to use, while guiding them
through Invention tasks? What forms of engagement
will students enact in their talk, while being guided
through Invention tasks? Given Chi et al.’s (2018) re-
sults, we predicted that the most prevalent type of stu-
dent talk would be active. However, without prior
research on teacher talk in the context of Invention, we
did not pose a specific hypothesis about the predomin-
ant form of teacher talk.
Research question 2: Will students enact the form

of cognitive engagement that teachers prompt? We
predicted that teacher prompts and student responses
would tend to align, such that constructive prompts
would beget constructive responses, active prompts
would beget active responses, and passive prompts
would beget passive responses. However, given Chi
et al.’s (2018) finding, we did not predict perfect
alignment.
Research question 3: Which teacher and student

talk types are associated with students’ ability to
transfer? We hypothesized that the proportion of stu-
dents’ talk that is constructive would show the stron-
gest positive relationship with transfer, followed by
active, then passive talk. Similarly, for teachers’ talk,
we predicted that teachers’ constructive prompts
would show the strongest positive relationship to
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transfer, followed by active, then passive prompts.
However, this is a weaker prediction, since the ICAP
framework ties learning outcomes to the learner’s
level of cognitive engagement, and teachers’ prompts
may not always elicit the type of student talk they in-
tend (Chi et al., 2018).
Research question 4: Which kinds of aligned

teacher-student dialog exchanges are associated with
students’ ability to transfer? We speculated that mixed
results on the efficacy of teacher prompts might be
due to the fact that sometimes these prompts did not
provoke the intended form of engagement in students
(e.g., Chi et al., 2018). Thus, it is possible that only
aligned teacher-student exchanges (e.g., constructive
teacher prompts that successfully elicit constructive
student responses, etc.) would demonstrate the CAP
pattern of results. We predicted that aligned con-
structive exchanges would show the strongest positive
relationship to transfer, followed by aligned active,
and then aligned passive exchanges.

Method
Participants
Teachers were three middle school science teachers
with more than 5 years of teaching experience (one
female, two male). Prior to the study, teachers re-
ceived a 1-h informational session to familiarize them
with study logistics and the Invention tasks. We ex-
plained the goals and constraints of each Invention
task and told the teachers not to tell students the
final answer (otherwise it would not be an Invention
task). However, we asked teachers to guide students
as they saw fit, and we explicitly refrained from giving
any other instruction or guidelines because we wanted
to observe untrained teacher guidance of Invention.
Students were 18 seventh- and eighth-grade students
(50% African American, 28% Latino, 22% multiracial;
14 female, 4 male) recruited from an afterschool pro-
gram targeted at low-income, urban youth. Students
were randomly assigned to teachers, and each teacher
guided 5–7 students.

Procedure
Figure 1 shows the full timeline of the study. Students
first took a 15-min pretest in a group setting. Then,
about 7–10 days later, depending on scheduling, students
completed a one-on-one session with a teacher in a
quiet room at the afterschool program. During this ses-
sion, students were given up to 15min to complete each
Invention task with verbal guidance from the teacher.
However, if students generated the fully correct solution
to an Invention task before the end of 15 min, they
moved on to the next task. After both Invention tasks,
teachers gave a brief 6-min lecture on the target learn-
ing. Immediately afterward, students completed a
20-min posttest. The posttest was given after the lecture
to determine learning and transfer outcomes after the
full suite of Invention instruction, which combines both
an exploratory Invention experience with follow-up dir-
ect instruction.

Instructional materials
Invention tasks
Students completed two Invention activities, guided
one-on-one by a teacher. Students spent an average of
25 min completing both tasks (SD = 6.2). The two Inven-
tion tasks were a Crowded Clowns task (focusing on
density, D = m/V) and a Car Fastness task (focusing on
speed, s = d/t), both adapted from Schwartz et al. (2011)
(see Fig. 2). Common to both tasks is the deep structure
of ratio, which was the target learning that we hoped
students would transfer to other physical science equa-
tions (e.g., pressure = force/area). Ratio structures are
embedded in many physical science phenomena, yet they
are quite challenging for students to grasp (Howe,
Nunes, & Bryant, 2010; Piaget & Inhelder, 1975).
Before beginning each task, students watched a 3-min

video explaining the task goals and constraints. For in-
stance, in the Crowded Clowns Invention task, students
were asked to invent a numerical “index” to describe
how crowded the clowns are in each set of busses. By
asking students to create an index, we were essentially
asking them to generate an equation or procedure for
determining clown crowdedness. The video introducing

Fig. 1 Timeline of the study
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this task gave examples of other indexes (e.g., grades,
star ratings). It also gave four simple rules (constraints)
that the index must follow:

1. Come up with one number to stand for each
company’s Crowded Clown Index. The index shows
exactly how crowded the clowns are.

2. A big index number means the clowns are more
crowded. A small index number means the clowns
are less crowded.

3. Use the exact same method to find the index for
each company.

4. Some companies are more crowded than other
companies. But busses from the same company are
equally crowded and should have the same index.

Students then began the Invention task, working with
a sheet that listed the above rules and a paper version of
Fig. 2a. The busses in Fig. 2a are carefully designed con-
trasting cases that highlight critical features of “crowded-
ness.” For their first attempt at an index, most students
often count the clowns in each bus. However, by con-
trasting cases such as busses C1 and D1, students often
begin to realize that the clowns alone cannot explain
how crowded a bus is, because bus size matters too. The
correct solution is to divide the number of clowns by
the number of “boxes” in each bus, relating clowns to
bus size in a ratio structure (similar to density). Subse-
quently, students were asked to invent an index to de-
scribe car “fastness” (Fig. 2b), a proxy for speed. In this
scenario, cars drip oil as they drive, at the rate of one
drop per second. Again, students often begin by count-
ing the number of oil drops, which are highly salient,

but eventually realize the importance of distance trav-
eled (number of segments) as well. The correct solution,
dividing the number of segments by the number of oil
drops, relates distance to time in a ratio structure. A
major goal of this instruction is to get students to begin
noticing the ratio structures that exist in many scientific
phenomena.

Lecture
After the Invention tasks, teachers gave students a brief
lecture using a provided PowerPoint presentation, which
explained the correct solutions to the two Invention
tasks and showed several worked examples of solving for
crowdedness and fastness. The lecture also introduced
and defined the concepts of density and speed and con-
nected them to clown crowdedness and car fastness.
Then, the lecture emphasized the concept of ratio by
comparing the density and speed equations and discuss-
ing how both rely on a systematic, mathematical rela-
tionship between two quantities. The lecture also
described ratios in a qualitative way as a comparison of
two variables that have opposite effects on an outcome.
Finally, the lecture discussed how ratio structures are
common in the world and gave some examples (e.g.,
shooting percentages in basketball, test scores).

Outcome measures
Invention task performance
To assess learners’ success on the two Invention tasks,
we counted the number of correct indices on their final
Invention worksheets. For each task, there were a total
of three possible correct indices, comprising the index
numbers they compute for each of three examples

a b

Fig. 2 Invention tasks, adapted from Schwartz et al. (2011). a Clown crowdedness. b Car fastness
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(Fig. 2). Performance across the two Invention tasks was
averaged.

Pretest and posttest
The pretest had two formula computation items, two
basic learning items and one transfer item. The post-
test had isomorphic versions of the basic learning
items, the identical transfer problem, and three new
transfer problems. Figure 3 shows example test items.
Formula computation items were designed to test stu-
dents’ initial knowledge of the density and speed
equations and their ability to successfully compute
them using division. These items were very similar to
standard word problems found in physical science
textbooks. Basic learning items assessed students’
qualitative understanding of the ratioed nature of
density and speed (two concepts that were explicitly
taught during the lecture). This basic learning meas-
ure was used mainly as a check to determine whether
students had paid attention to the lecture. Transfer
items assessed transfer across sub-domains within sci-
ence (Barnett & Ceci, 2002). Transfer items required

students to apply the deep ratio structure to novel
physical science concepts, such as pressure and the
spring constant, which were not covered in the Inven-
tion tasks or lecture. Transfer items were adapted
from Schwartz et al. (2011).
Formula computation and basic learning items were

coded on a 3-point scale, while transfer items were
coded on a 5-point scale, ranging from incorrect to fully
correct. Two coders scored 25% of the data and achieved
good reliability (intra-class correlations or ICCs for each
item are shown in Fig. 3). The remainder of the data
were coded by a single master coder. Posttest item
subscales demonstrated good internal consistency,
Cronbach’s αlearning = 0.60 and αtransfer = 0.67, which is
reasonable given the small number of items per subscale.
Items for each subscale were scaled from 0 to 1. Average
item scores for each subscale were computed for pre-
and posttest (see Table 5). We also computed a
post-only transfer score, which included only the three
new transfer items that were on the posttest because, by
definition, transfer items are only those that are novel to
participants.

Fig. 3 Example test questions and scoring. Transfer items were adapted from Schwartz et al. (2011)

Chase et al. International Journal of STEM Education            (2019) 6:14 Page 8 of 22



Dialog coding
Sessions were videotaped and dialog was transcribed, in-
cluding some relevant gestures (e.g., pointing to the
cases, writing down a number). All teacher and student
utterances were coded at the statement level. A state-
ment corresponds to a single idea. Statement level seg-
ments were parsed by a single human transcriber, using
indicators such as grammar, inflection, and cadence to
demarcate the end of a statement, as recommended in
Chi (1997). Afterward, two additional coders read
through the statements and marked cases where they
disagreed with the segmentation. All segmenting dis-
agreements were then discussed and adjudicated by the
two coders. Two coders then classified a random 25%
sample of the data into CAP categories. Satisfactory
agreement for both teacher and student coding schemes
was achieved by the second round of coding (κtea-
cher = 0.70, κstudent = 0.73). A single master coder coded
the remaining teacher and student statements.
The teacher talk coding scheme captures four main

kinds of teacher talk: constructive, active, and passive
prompts, as well as irrelevant talk. Codes were assigned
to statements in a mutually exclusive fashion (Table 1).
Constructive prompts are statements that prompt stu-
dents to construct a new idea or explain their reasoning.
Active prompts ask students to give simple responses
such as yes/no or simple numerical calculations which
the student has already demonstrated competence in
(e.g., counting clowns). Passive prompts invite students
to pay attention, and these largely occur when the
teacher is providing explanations about the task or re-
lated concepts. Statements that do not apply directly to

the content or task process are coded as irrelevant with
respect to our hypotheses. Irrelevant statements include
motivational remarks, monitoring of the teacher’s own
process, and off-topic talk. Effects of these irrelevant
statements were not directly analyzed because the ICAP
model only applies to engagement with content or
task-relevant activities (Chi & Wylie, 2014).
The student talk coding scheme captured four mutu-

ally exclusive categories: constructive, active, passive,
and irrelevant talk (see Table 2). Constructive statements
indicate that the student is generating a novel idea,
problem solution, substantive question, explanation, or
novel mathematical reasoning. Active statements demon-
strate that the learner is actively manipulating informa-
tion but not generating a novel inference, such as
repeating a phrase the teacher said, doing simple math
for which the student has already generated competence
(e.g. counting), or making simple yes/no judgments. Pas-
sive statements imply that the learner is paying attention
but not taking any action, such as simple continuers and
agreements. Student statements that are not relevant to
the task or content are coded as irrelevant. Note that
while students may have been engaging in various forms
of mental activity without verbalizing it, overt student
talk was our best measure of students’ cognitive
engagement.
When assigning codes, coders considered dialog that

came before (but not after) each statement, which is ne-
cessary for coders to determine whether a prompt is
constructive or active with respect to each student. This
helped to determine whether the teacher was asking the
learner to construct an idea that was new to the student

Table 1 Teacher talk codes

Code Description Examples

Constructive prompt A question or prompt for constructive engagement.
Asking the learner to explain or generate new ideas,
reasoning, or mathematical thinking that has not
been mentioned in previous talk.

- I’ll give you a minute to look at the information and
see if you can come up with a car fastness index.

- How do you know that this one [points to F2] is
going faster than this one [points to H2]?

- Why did you use division to make your index?

Active prompt A question or prompt for active engagement. Asking
the learner for information with a finite, known set
of answers or responses, such as yes/no questions,
or asking the student to do simple math that the
student has demonstrated competence in through
previous talk.

- From here [points to F1 flag] to here [points to first
oil drop in F1], how many drops did you see?

- Six what?
- Why don't you write that down here

[points to right of C1]?

Passive prompt A statement that requires no more than passive
engagement, requiring the learner only to attend
but not inviting the learner to be active/constructive,
such as when the teacher provides an explanation,
elaboration, or revoicing of a concept, idea, problem
features, or task constraint.

- Now what we want to do is make an index, and
remember that the lowest number means the least
crowded, and the highest number means the most
crowded.

- So now you know how much time each of these is
because you know how many oil drops [points across
F2] in that period of time, right.

- So you said this bus has three clowns.

Irrelevant talk Statements that do not apply to content or process.
These include motivational remarks, monitoring of
the teacher’s process, and off-topic talk.

- I can see the gears turning in your brain!
- Let me just check something on the worksheet.
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or whether they were simply asking the student to re-
hearse what the student already knew. Relevant gestures
were also used to interpret the talk, such as discerning
referents in the dialog (e.g., “this one” [points to specific
case]).
To investigate the alignment of teacher-student talk, we

also coded dialog at the turn level. A single turn was com-
prised of all the talk made by a single speaker before the
next speaker talked. Thus, three teacher statements
followed by two student statements were collapsed into
one teacher turn and one student turn. Turns were coded
using the same codes as statement-level codes (See Tables 1
and 2). A simple algorithm was used to convert
statement-level codes to turn-codes. Single-statement turns
received the same codes as the statement itself. Turns com-
posed of multiple statements received the code that oc-
curred most frequently. If all codes appeared equally, the
code of the last statement in the turn was used, since this
typically conveyed the main point of each turn. If irrelevant
talk was the most frequent or last statement in the turn,
the next best option was used. To check whether this algo-
rithm accurately identified the intent of the turn, a single
coder scored a random 25% selection of the data using the
overall gist of each turn and achieved strong reliability with
the algorithm on the first round (κ = 0.91).
Pairs of sequential teacher-student turns were

concatenated to produce teacher-student dialog exchanges.
This yielded nine types of teacher-student exchanges of
interest: constructive-constructive, constructive-active,
constructive-passive, active-constructive, active-active,

active-passive, passive-constructive, passive-active, and
passive-passive. We chose to look at teacher-student turn
pairs, rather than student-teacher turn pairs, because
teacher-student dialogs were largely initiated and driven by
the teachers. Analysis of teacher-student exchanges enabled
us to explore the degree of alignment in teacher-student di-
alog and the relationship between aligned teacher-student
exchanges and student transfer outcomes.

Dialog measures
Proportions of various types of statements or
teacher-student exchanges (out of all statements/ex-
changes) were computed. This provided a way to
standardize the relative contributions of each type of talk
across students, since the total amount of talk varied dras-
tically by student (ranging from 81 to 383 statements of
teacher talk and 54 to 310 statements of student talk).
This is because teachers were instructed to go on to the
next problem or phase of the study as soon as students
produced a correct invention. Thus, students who solved
the problem quickly had far less teacher-student dialog.
Given this, proportions of talk are a more appropriate
measure than talk frequencies, since they give us a feel for
the relative amounts of each type of talk students and
teachers engaged in during an Invention session, regard-
less of the total amount of dialog.

Teacher and student talk statements
To describe the relative amounts of talk statements of
various types, we computed proportions of constructive,

Table 2 Student talk codes. Student statements are italicized, while teacher statements are not

Code Description Example

Constructive talk Talk indicating that the student is constructing
novel outputs and inferences. These include
explanations about the topic or process,
meaningful questions, generating or applying
a novel invention, complex mathematical
reasoning, and substantial observations about
the task or cases, which were not mentioned
in previous talk.

- I know that this is the least crowded [points to E]
because even though there’s like people there [points
to clowns in C2], it depends on how much space it is.

- I think this one is one third [points to D] because in
each space [points to second room in D2] there’s three
clowns [points to D2].

- These boxes below [points to segments in F2] show the
distance, right?

Active talk Talk indicating the student’s active engagement
with the task but not involving novel inferences.
These included simple math that the student has
already generated competence in (e.g., counting),
simple decisions (e.g., yes/no), or repeating back
what the teacher said.

So there’s how many people for this space
[points to C1]?
- One.

You want to give this a lower number?
- Yeah.

OK, so maybe we can just call that something like a
dividing line?
- Yeah, dividing line

Passive talk Talk indicating that the learner is paying attention
but not engaging actively. These include simple
continuers and agreements.

- M-hmm.
- OK.

Why?
- Because there’s… umm…

Irrelevant talk Off-topic talk that does not relate to the content
or task. These include motivational remarks,
monitoring statements that do not imply
constructive/active/passive engagement, and
other irrelevant talk.

- I’m pretty good at math.
- This is hard.
- How long will this take?
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active, passive, and irrelevant statements out of total
statements. These proportions were computed separately
for teacher talk and for student talk (see Tables 3 and 4).

Teacher-student turn exchanges
To explore alignment between teacher prompts and stu-
dent responses, we computed (1) for each type of
teacher turn, the proportions of each type of student
turn that followed (e.g., of all constructive prompts, the
proportion that were followed by constructive, active,
and passive student responses), and (2) for each type of
student turn, proportions of each teacher turn that pre-
ceded it (e.g. of all constructive student responses, the
proportion that was preceded by constructive, active,
and passive student responses, see Fig. 4).

Aligned teacher-student exchange predictors
To measure aligned teacher-student turns, we computed
proportions of constructive-constructive, active-active,
and passive-passive teacher-student exchanges, out of all
teacher-student exchanges.

Results
Because all talk variables in our data set are proportions
(not frequencies), issues of absolute multicollinearity
arise. To avoid this problem, we did not conduct statis-
tical analyses on the irrelevant talk category, for which
we had no hypotheses. Thus, statistical analyses were
only conducted on proportions of constructive, active,
and passive forms of talk. Despite this, we did run into
one issue with collinearity, in which proportions of con-
structive and passive teacher prompts were highly corre-
lated. We address this further in our interpretation of
the teacher talk regression results.
In all relevant analyses, pretest performance on for-

mula computation items was used as a covariate, to con-
trol for prior knowledge. We used pretest formula
computation as our measure of prior knowledge because
it was positively related to transfer outcomes (r = .50,
p = .03), while neither the basic learning pretest nor the
pretest transfer item were significantly correlated with
posttest transfer scores, p’s > .48. Pretest formula compu-
tation items assessed students’ initial knowledge of the
relevant density and speed equations and their ability to
apply them accurately in simple word problems.

What mode of engagement was invited by teacher talk?
Teachers uttered an average of 227 statements (SD =
81.8), summed across both Invention tasks. Table 3
shows both raw frequencies and proportions for each
type of teacher talk (out of total teacher statements).
Teachers apportioned their talk equally across each type
of talk, posing similar proportions of constructive (28%),
active (29%), and passive prompts (28%). The remaining
15% of talk was irrelevant.
A mixed ANCOVA on proportions of teacher talk

statements, with the type of talk as a within-subjects fac-
tor, teacher as a between-subjects factor, and pretest as
covariate, found no significant teacher effect, F (1, 14) =
1.75, p = .21, nor teacher x talk type interaction, F (4,
28) = 1.87, p = .19, indicating that talk type proportions
did not differ across individual teachers. There were no
significant effects of either pretest, F (1, 14) = 0.27,
p = .62, or pretest x talk type interaction, F (2, 28) = 1.28,
p = .29, suggesting that students’ prior knowledge did
not influence proportions of various types of teacher
talk. Most importantly, there was no significant effect of
talk type, F (2, 28) = 1.66, p = .21, confirming that the
proportions of various teacher talk types were similar.

What mode of engagement was demonstrated by student
talk?
Students uttered an average of 173 statements (SD =
59.9), summed across both Invention tasks. The largest
proportion of student statements were active (48%),
followed by constructive (33%), then passive (8%), which
occurred relatively infrequently. An additional 10% of
talk was coded as irrelevant. Table 4 shows the mean
frequencies and proportions (out of total student talk) of
each type of student statement.
A mixed ANCOVA was run on student talk propor-

tions, with talk type as the within-subjects factor, teacher
as the between-subjects factor, and pretest as a covariate.
There were no significant effects of either teacher, F (2,
14) = 1.24, p = .32, or teacher x talk type interaction, F (4,
28) = 0.85, p = .51, demonstrating that specific teachers
did not yield different proportions of student talk types.
There were also no effects of student pretest, F (1, 14) =
0.03, p = .86, or pretest x student talk type interaction, F
(2, 28) = 0.0002, p = 1.0, indicating that students’ prior
knowledge did not affect the proportions of different talk

Table 3 Mean frequencies and proportions of teacher statements
(with SD)

Teacher talk code Frequency Proportion (out of total teacher talk)

Constructive prompt 67.1 (41.0) 0.28 (0.11)

Active prompt 66.3 (26.7) 0.29 (0.06)

Passive prompt 57.9 (28.0) 0.28 (0.13)

Irrelevant talk 35.8 (19.2) 0.15 (0.04)

Table 4 Mean frequencies and proportions of student statements
(with SD)

Structure code Frequency Proportion (out of total student talk)

Constructive talk 57.7 (20.6) 0.33 (0.05)

Active talk 83.7 (35.4) 0.48 (0.09)

Passive talk 14.1 (7.0) 0.08 (0.04)

Irrelevant talk 17.8 (13.6) 0.10 (0.06)
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types they produced. However, there was a significant
main effect of talk type, F (2, 28) = 48.16, p < .001, ηp

2 = .78,
indicating that the proportion of statements differed by
talk type. Post hoc tests with Bonferroni correction re-
vealed that all three proportions of student talk types dif-
fered significantly from one another, p’s < .001. Thus, the
highest proportion of student talk was active, followed by
constructive, then passive.

Do students enact the form of engagement that teachers
prompt?
In general, we found fairly good alignment between
teacher prompts and student responses, except in the
case of passive prompts, which yielded a variety of kinds
of student responses. Figure 4a shows the proportion of
each type of teacher prompt that resulted in each type of
student response. For instance, in the left-most column
of the graph, we see that on average, 62% of a teacher’s
constructive prompts were followed by students’ con-
structive responses, 24% of constructive prompts were
followed by active responses, and only 4% were followed
by passive responses. Figure 4b looks at the same data
from the student perspective. It shows the proportion of
each type of student talk that was preceded by each type
of teacher talk. The left-most column of Fig. 4b shows
that on average, 58% of a student’s constructive re-
sponses were preceded by constructive prompts, 22% of
constructive responses were preceded by active prompts,
and 16% were preceded by passive prompts.
To statistically test for differences in teacher-student

turn transitions, a mixed ANCOVA was run on the pro-
portion of each type of teacher turn that was followed
by each student turn (i.e., the numbers shown in Fig. 4a).
Type of teacher prompt and type of student response
were both treated as within-subjects factors, individual

teacher was a between-subjects factor, and pretest was a
covariate. There were no significant teacher or teacher x
talk type effects, nor any pretest or pretest x talk type ef-
fects, p’s > .21. Most importantly, there was a significant
teacher prompt x student response interaction, F (4, 56)
= 15.02, p < .001, ηp

2 = 0.52. Post hoc tests with Bonfer-
roni correction demonstrated that constructive teacher
prompts were most likely followed by constructive stu-
dent responses, then by active responses, and least likely
followed by passive responses, p’s < .001. Active teacher
prompts were most likely followed by active student re-
sponses, then by constructive, and least likely by passive
responses, p’s < .001. However, the proportion of re-
sponses to passive teacher prompts did not differ from
one another, such that students were equally likely to re-
spond to a passive teacher prompt using constructive,
active, or passive language, p’s > .87.
A similar repeated measures ANCOVA was conducted

on the proportion of each student response that is pre-
ceded by each type of teacher prompt (i.e., the numbers
of Fig. 4b), with the same factors. Neither teacher nor
teacher x talk type effects were significant, nor were any
pretest or pretest x talk type effects, p’s > .24. Most im-
portantly, there was a significant student talk type x
teacher talk type interaction, F (4, 56) = 16.36, p < .001,
ηp

2 = .54. Post hoc tests with Bonferroni correction dem-
onstrate that constructive student responses were most
frequently preceded by constructive prompts, p’s < .001.
Constructive responses were less likely to occur after ac-
tive and passive prompts; however, these proportions did
not differ from one another, p = .08. Active responses
were most likely to occur after active prompts and least
likely to occur after passive prompts, p’s < .003. Passive
responses were equally likely to occur in response to any
kind of prompt, p’s > .58.

a b
Fig. 4 Proportion of teacher-student exchanges from a teacher perspective and b student perspective (with mean total turns)
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To summarize, constructive prompts were most likely
to be followed by constructive responses, and active
prompts were most likely to be followed by active re-
sponses. However, there was no single most common re-
sponse to passive prompts. Looking at it from the
perspective of student responses demonstrated the same
pattern. It is interesting to note that while teachers and
students tended to be in sync on constructive and active
talk, the alignment is far from perfect (percentages never
reach higher than 66%). Thus, the type of cognitive en-
gagement that teachers solicited was not always what
students chose to enact. Moreover, passive prompts and
responses did not align, such that passive prompts were
equally likely to yield any form of response.

Invention task performance
Students were fairly successful at the Invention tasks,
with an average of 2.2 out of 3 correct indices (SD = 1.0)
across the two Invention tasks they completed. Only 2
of the 18 participants had fewer than 1.5 correct indices.
Individual teachers did not differ in their ability to guide
students towards correct inventions, F (2, 15) = 0.56,
p = .59. Bivariate correlations showed that Invention task
performance was not significantly related to either basic
learning or transfer performance on the posttest (rlearn-
ing = 0.23, p = .36; rtransfer = 0.01, p = .96). Thus, we did
not attempt to relate teacher and student talk to Inven-
tion task performance.

Basic learning and transfer
Students improved their scores from pre- to posttest
(see Table 5). On basic learning items, students im-
proved by 38%, while on the one transfer item that was
common to pre- and posttest, students more than dou-
bled their scores. A repeated measures ANOVA with
time, item type, and teacher as factors confirmed that
pre- and posttest scores differed significantly, F (1, 15) =
14.96, p = .002, ηp

2 = .50, but there was no interaction of
item by time, F (1, 15) = 1.04, p = .33. There was also no
effect of teacher x time, F (2, 15) = 1.37, p = .28, nor any
interaction of teacher x time x item, F (2, 15) = 1.86,
p = .19. Post hoc tests with Bonferroni correction con-
firmed that students made significant gains on both

basic learning (p = .04, d = 0.56) and transfer items
(p = .004, d = 0.73).

Relating teacher and student talk to transfer outcomes
We used regression analyses to test the relationship be-
tween talk variables and transfer outcomes, while con-
trolling for prior knowledge. Three separate sets of
regression analyses were run, predicting transfer: one
with teacher talk variables, another with student talk
variables, and one with teacher-student exchange vari-
ables.1 Proportions of various types of statements (out of
all statements) were used as predictors. The post-only
transfer score was used as the outcome variable of all re-
gression analysis presented in the next section. We did
not explore the relationship between talk variables and
basic learning, since the ICAP hypothesis makes predic-
tions about deep learning and transfer, but not shallow
learning (Chi & Wylie, 2014).
In all regression analyses, pretest performance was

used as a covariate, to control for prior knowledge. We
did not control for measures of task performance or the
number of student errors, since neither was significantly
correlated with posttest transfer scores (p’s > .15). We
also did not control for individual teachers in this re-
gression because neither the proportions of teacher
statements nor transfer scores differed by individual
teacher, and when dummy variables for teacher were
added to the regression, they were not significant.
We used hierarchical regression models to test the re-

lationship between constructive, active, and passive
forms of talk and transfer outcomes. For each analysis,
our control variable was entered first (pretest), then each
talk variable was added in order from the strongest to
weakest predicted effects. We predicted that construct-
ive talk would have the strongest positive relationship
with transfer and passive talk would have the weakest ef-
fect on transfer. Thus, we first added constructive,
followed by active, and then passive talk.

Teacher talk predictors of transfer
Table 6 shows the results of our teacher talk regression
analysis. The main predictors of interest are the propor-
tion of each type of teacher statement (constructive, ac-
tive, and passive) out of all teacher statements (mean
values shown in Table 3).
In Model 1, pretest formula computation scores

were entered alone and explained 28% of the variance
in posttest scores. Because the proportions of
teachers’ constructive and passive prompts were
highly collinear (r = −.91, p < .001), neither predictor
was significant when simultaneously entered into a
regression equation. Thus, we ran two sets of models
(Model 2a/3a and Model 2b/3b) to test the effect of

Table 5 Mean pre- and posttest learning and transfer scores on
0–1 scale (with SD)

Item type Pretest Posttest

Formula computation 0.36 (0.31) –

Basic learning* 0.50 (0.33) 0.69 (0.27)

Transfer** 0.24 (0.25) 0.56 (0.32)

Post-only transfer items – 0.49 (0.25)

Significant gain at *p < .05 and **p < .01
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constructive and passive prompts, independent of one
another.
In model 2a, the proportion of teachers’ constructive

prompts positively predicted transfer, accounting for an
additional 33% of variance in transfer scores beyond
what pretest scores predicted alone. In model 3a, active
prompts were added to the model, but they did not ex-
plain additional variance.
In model 2b, we removed constructive prompts such

that only pretest and active prompts were in the model.
Model 2b was not significant and active prompts did not
significantly predict transfer scores. In model 3b, passive
prompts were added, which negatively predicted transfer
scores and accounted for an additional 33% of the
variance.
Because the proportion of teachers’ constructive and

passive prompts were collinear, it is impossible to tell if
teachers’ passive talk was hurting transfer or if teacher’s
constructive talk was helping transfer. However, it makes
sense that when teachers prompt students to generate
and construct on their own that teachers themselves do
less of the generating (passive prompts largely consist of
teachers explaining to students). Thus, our interpret-
ation of these data is that controlling for prior know-
ledge and active teacher prompts, students who received
both a higher proportion of constructive prompts and a
lower proportion of passive prompts were more success-
ful at transferring their knowledge to novel situations.
An alternative interpretation is that lower-ability stu-
dents received a greater proportion of explanations
(which are coded as passive prompts) from teachers and

also transferred less. However, since this analysis con-
trols for pretest scores (which were not significantly cor-
related with the prevalence of various teacher talk
types), this alternative explanation seems unlikely.

Student talk predictors of transfer
We next conducted a similar hierarchical regression ana-
lysis relating the proportions of student talk types
(means shown in Table 4) to transfer outcomes, follow-
ing our planned order: pretest, constructive, active, and
then passive prompts. Table 7 shows the regression
results.
In model 1, pretest formula computation scores were

entered alone. Pretest scores positively predicted trans-
fer, explaining 28% of the variance in transfer scores.
Additional models did not explain significantly more
variance than model 1.
While none of the predictors of interest were signifi-

cant in the final model, the beta coefficients are in the
predicted direction of the general CAP hypothesis (C >
A > P), demonstrating a positive relationship between
constructive talk and transfer (β = 0.22), a weaker posi-
tive relationship between active talk and transfer
(β = 0.18), and a negative relationship between passive
talk and transfer (β = − 0.23).

Aligned teacher-student exchange predictors of transfer
Finally, we explored the relationship between aligned
teacher-student exchanges (turn pairs) and students’
transfer scores (Table 8). While there are nine types of
teacher-student exchanges, we only had hypotheses

Table 6 Regression models predicting transfer scores from proportions of teacher talk types

B SE B β F (df) ΔF (df) R2 ΔR2

Model 1 6.16 (1, 16)* – .28 –

Pretest* 0.42 0.17 0.53

Model 2a 11.67 (2,15)*** 12.68 (1, 15)** .61 .33

Pretest*** 0.55 0.13 0.69

T Constructive** 1.33 0.38 0.60

Model 3a 7.41 (3, 14)** 0.18 (1, 14) .61 .01

Pretest*** 0.56 0.14 0.71

T Constructive** 1.37 0.39 0.61

T active − 0.31 0.75 −0.07

Model 2b 2.92 (2, 15) 0.04 (1, 15) .28 .002

Pretest* 0.41 0.18 0.52

T active 0.20 0.97 0.05

Model 3b 7.19 (3, 14)** 11.61 (1, 14)** .61 .33

Pretest** 0.55 0.14 0.69

T active − 1.08 0.83 − 0.25

T passive** − 1.22 0.36 − 0.65

Significant at *p < .05, **p < .01, ***p < .001
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about constructive-constructive, active-active, and
passive-passive exchanges. Thus, we maintained the
same basic hierarchical model by first adding pretest as
our control variable, and then testing our variables of
interest by next adding constructive-constructive, acti-
ve-active, and then passive-passive exchanges.
Adding constructive-constructive teacher-student ex-

changes in model 2, explained an additional 28% of the
variance in transfer, over a model with pretest scores only.
Constructive teacher-student exchanges positively pre-
dicted transfer. Adding active-active exchanges and
passive-passive exchanges in models 3 and 4 did not add
any predictive power. However, constructive-constructive

exchanges lost their significance once active exchanges
were added to the model, likely because they explained a
large proportion of overlapping variance2 (constructive
and active proportions were correlated but not collinear,
r = .64, p = .004). One interpretation of this result is that
when teacher-student pairs engaged in a higher propor-
tion of constructive teacher-student exchanges, students
were better able to transfer their knowledge to novel con-
texts, regardless of their prior abilities, while adding active
and passive prompts did not explain significant additional
variance in transfer outcomes. Another interpretation is
that constructive exchanges did not explain unique vari-
ance above that of active or passive teacher-student

Table 7 Regression models predicting transfer scores from proportions of student talk types

B SE B β F (df) ΔF (df) R2 ΔR2

Model 1 6.16 (1, 16)* – .28 –

Pretest* 0.42 0.17 0.53

Model 2 3.72 (2, 15)* 1.20 (1, 15) .33 .05

Pretest* 0.42 0.17 0.53

S constructive 1.14 1.04 0.23

Model 3 4.00 (3, 14)* 3.40 (1, 14) .46 .13

Pretest* 0.42 0.16 0.53

S constructive 1.41 0.98 0.29

S active 1.00 0.54 0.37

Model 4 2.97 (4, 13) 0.40 (1, 13) .48 .02

Pretest* 0.42 0.16 0.53

S constructive 1.06 1.15 0.22

S active 0.50 0.98 0.18

S passive − 1.20 1.91 − 0.23

Significant at *p < .05

Table 8 Regression models predicting transfer scores from proportions of teacher-student exchanges

B SE B β F (df) ΔF (df) R2 ΔR2

Model 1 6.16 (1, 16)* – .28 –

Pretest* 0.42 0.17 0.53

Model 2 9.35 (2, 15)** 9.44 (1, 15)** .56 .28

Pretest** 0.46 0.14 0.58

T-S constructive** 1.57 0.51 0.53

Model 3 6.65 (3, 14)** 1.11 (1, 14) .59 .03

Pretest** 0.43 0.14 0.55

T-S constructive 1.10 0.67 0.37

T-S active 0.65 0.62 0.24

Model 4 5.03 (4, 13)* 0.66 (1, 13) .61 .02

Pretest** 0.45 0.14 0.57

T-S constructive 1.03 0.69 0.35

T-S active 0.35 0.73 0.13

T-S passive − 1.29 1.58 − 0.19

Significant at *p < .05, **p < .01
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exchanges. Either way, it seems that the relationship be-
tween teacher talk and transfer is more robust than that of
teacher-student exchanges and transfer.
It is interesting to note that even though the

teacher-student predictors were not significant in the
final model, the pattern of results is the same as those
found in the separate regressions of student and teacher
talk. Constructive-constructive exchanges were positively
related to transfer (β = 0.35), active-active exchanges
were positively associated with transfer to a lesser degree
(β = 0.13), and passive-passive exchanges were negatively
related to transfer (β = − 0.19).

Discussion
In this study, we asked experienced teachers to provide
one-on-one verbal guidance to students as they worked
on Invention tasks, which are a form of exploratory ac-
tivity for science and math learning. Students were fairly
successful by measures of task performance, basic learn-
ing gains, and transfer gains. Almost all students
invented the canonical solutions for at least some of the
cases, and students made sizeable learning gains after
only 30 min of instruction (d = 0.56). More importantly,
students made large transfer gains (d = .73), demonstrat-
ing their ability to recognize and implement ratio struc-
tures in novel science domains. This is impressive, given
that transfer is hard to achieve, and there are many em-
pirical demonstrations of transfer failure (Detterman,
1993; Lave, 1988). Moreover, the length of instruction
was much shorter than in previous Invention studies, in
which students completed Invention tasks over several
class periods (Schwartz et al., 2011; Schwartz & Martin,
2004). Thus, students learned and, in particular, trans-
ferred successfully from these guided Invention activ-
ities. We suspect that the one-on-one teacher guidance
led to these impressive learning and transfer gains
(though we cannot know for sure without testing an
unguided condition). This is supported by research
showing that human tutoring is an effective form of in-
struction (Cohen, Kulik, & Kulik, 1982; Lepper, Drake, &
O'Donnell-Johnson, 1997).
What forms of engagement did teachers prompt and

what forms of engagement did students enact in the
context of a guided Invention task? We created and ap-
plied explicit codes for teacher prompts and student talk
related to constructive, active, and passive forms of cog-
nitive engagement. Teachers used their talk to guide stu-
dents through Invention tasks by prompting students to
construct their own ideas and explanations, to actively
rehearse simple math or repeat information, and to pas-
sively attend to the teacher, in roughly equal propor-
tions. In contrast to experimental studies of the ICAP
framework (Chi & Menekse, 2015; Menekse et al., 2013;
Menekse & Chi, 2018), which manipulate cognitive

engagement across activities (e.g., comparing a con-
structive activity to an active activity), in our study,
teacher talk guidance prompted an even mix of all forms
of engagement, within a single activity. Moreover, it is
interesting that teachers did not produce mainly active
or passive prompts, which might be the case if teachers
had treated the Invention task as a more traditional,
tell-and-practice type of activity. It is also interesting to
note that despite the constructive nature of the task,
teachers did not provide a majority of constructive
prompts. It is likely that extended teacher-student dialog
would be challenging to carry on without some active
and passive prompts. For instance, passive prompts can
be useful, such as when the teacher wants to encourage
the student to pay attention or to direct her attention to
a particular case. Likewise, some active prompts may be
necessary to give a student a sense of mastery or to scaf-
fold student progress on the task, such as asking a stu-
dent to apply a procedure she has mastered for one case
to another case or encouraging her to write down her
answer so she will not forget it.
In contrast to teachers, students generated mostly ac-

tive talk, followed by constructive talk, while passive talk
occurred relatively infrequently. Thus, while students
were doing more than merely attending most of the
time, they naturally engaged in a high proportion of re-
hearsing and repeating and a slightly lower share of gen-
erative activity. This is somewhat consonant with Chi et
al.’s (2018) findings, in which she found that the majority
of student writing, in response to any kind of prompt,
indicated active engagement. However, a far higher pro-
portion of student constructive talk was found in our
study, perhaps due to the inherently constructive nature
of the Invention task and the greater proportion of
teacher constructive prompts.
How did teacher and student talk categories align? An

analysis of teacher-student turn exchanges demonstrated
that teachers’ prompts and students’ responses tended to
align along constructive and active modes but not pas-
sive. Constructive prompts were most often followed by
constructive responses, and active prompts tended to
yield active responses. However, passive prompts were
equally likely to yield constructive, active, and passive re-
sponses. This partially aligns with Chi et al.’s (2018)
study, in which posing a constructive worksheet ques-
tion led to a higher proportion of constructive student
responses compared to when teachers posed an active
question. However, they found that students were highly
biased to engage in active modes such that the majority
of responses to constructive questions were still active.
It is possible that our study produced better alignment
between teachers and students because our study exam-
ined teacher-student dialog in a one-on-one setting,
while their study examined teacher-student writing in a
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whole-class setting, where there is less pressure for stu-
dents to respond according to the prompt. However, as
in Chi et al. (2018), teacher-student talk alignment in
our study was not perfect (across CAP categories, the
alignment was never greater than 66%). This suggests
the need to investigate other contextual factors that in-
fluence students’ cognitive engagement.
Why did passive prompts show poor alignment, result-

ing in a mix of response types? Most of what we coded
as “passive prompts” were not explicit prompts for at-
tention like “look here” or “listen up” (though there were
some of these). Instead, passive prompts largely took the
form of teacher explanations. Explanations are implicit
passive prompts because the implication is that students
should listen when the teacher is explaining, but they do
not explicitly direct students to pay attention. Construct-
ive and active prompts, on the other hand, were more
explicit in asking students to generate a specific type of
output, such as asking them to explain their reasoning
or state a fact (e.g., “How did you come up with that
number?” or “How many clowns are in the picture?”).
Without this explicit direction, passive prompts give stu-
dents the freedom to respond in many ways. In addition,
passive student talk can occur in a range of situations.
For instance, when a student is stumped by a construct-
ive or active question, it is common for her to respond
with only “Ummm…,” which is coded as passive talk. In
these situations, it is possible that our code for passive
engagement in student talk was not very accurate, since
students may be thinking many constructive or active
thoughts, but when they do not have a specific or
confident answer to a teacher’s prompt, they only voice
passive responses like “um.” Finally, it is possible that by
coding largely for verbal responses (though we did take
gestures into account), we may have underestimated the
occurrence of passive student responses. While students
often produced passive utterances to signify that they
were paying attention, others may have paid attention si-
lently, which is a type of passive response that was not
captured in our data. It is possible that the alignment be-
tween passive teacher prompts and passive student re-
sponses would have improved had we measured
non-verbal passive engagement. Nonetheless, we view
the poor alignment between passive teacher prompts
and passive student responses as an interesting and
novel finding (note that Chi et al.’s (2018) study did not
code for passive worksheet prompts or responses).
Which forms of talk were associated with students’

ability to transfer from Invention tasks? First, we found
that teachers’ individual talk showed the most robust re-
lationship to transfer, while aligned teacher-student dia-
log demonstrated some relationships but less robust
effects. Moreover, student talk did not significantly pre-
dict transfer outcomes. This work underscores the

importance of the teacher’s role in supporting students
with verbal prompts for the appropriate form of cogni-
tive engagement, when student transfer is the end goal.
While previous ICAP research has largely focused on
how specific kinds of learning activities lead students to
adopt different forms of cognitive engagement, which in
turn influences learning, our work shows that the verbal
guidance teachers use to provoke cognitive engagement
can shape what learners transfer from an activity. Even
within a highly constructive activity like Invention,
where the goal is for learners to generate their own
equations for physical science phenomena, how teachers
use their talk to evoke different forms of student cogni-
tive engagement matters.
Which kinds of teacher prompts predicted transfer?

When controlling for pretest scores and active prompts,
the proportion of teachers’ constructive prompts was
positively related to transfer scores, while the proportion
of teacher passive prompts was negatively related to
transfer scores. Given that teachers’ constructive and
passive prompts are collinear, it is difficult to tell which
one is contributing to transfer outcomes. That is, when
teachers predominantly ask students to construct expla-
nations and solutions, they do relatively less passive
prompting, during which teachers largely explain to stu-
dents. Our interpretation of these data is that when
teacher guidance contained relatively more constructive
prompts and fewer passive prompts within an Invention
task, students demonstrated greater transfer. It is inter-
esting that the proportion of teachers’ passive prompts
may have actually hindered students’ ability to transfer
their knowledge to novel contexts, while previous re-
search suggests that explanations have little to no effect
on learning in more traditional learning activities (which
often yields transfer, Chi et al., 2001; Vanlehn et al.,
2003; Webb, 1991). It may be that teacher explanations
are counterproductive in exploratory learning activities
like Invention, where the goal is to engage students in
productive exploration. When teachers prompt students
in mostly passive ways, they do not invite them to con-
tinue exploring the problem and domain space. More-
over, when teachers do the explaining, they may
eliminate students’ need to explore or explain for them-
selves (Schwartz et al., 2011; Schworm & Renkl, 2002).
What kinds of student talk predicted transfer? We

were surprised to find that forms of student talk were
not significantly associated with transfer. This is puz-
zling, since the ICAP theory argues that the student’s
mode of engagement (and attendant cognitive processes)
is most important for influencing learning and transfer,
and there is extensive research linking forms of student
constructive talk to learning and transfer outcomes (Chi
et al., 1994; King, 1994; Webb, 1991). We offer several
potential explanations for the lack of significant student
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talk-transfer relations. One possibility is that the CAP
coding scheme was more accurately applied to teacher
talk than student talk, particularly when it comes to dis-
tinguishing between constructive and active talk categor-
ies. Note that in our coding scheme, a statement is
coded as constructive when the student is demonstrating
some novel inferences or novel output, while active
statements are those in which the student is largely re-
hearsing known facts or already-mastered math. Thus,
the coder would have to determine from the problem
context and the talk that came before, whether the stu-
dent was demonstrating some new substantive thinking
or just rehearsing a known math fact, and some state-
ments were bound to be misclassified. For this reason,
Chi and Wylie (2014) note that distinguishing between
constructive and active student engagement is highly
challenging in problem-solving contexts (such as the
one in this study). On the other hand, teachers’ con-
structive and active prompts may have been more easily
distinguished. Constructive prompts tended to ask for
general explanations (“How did you come up with that
index number?” or “Why?”) while active prompts were
more specific and focused on eliciting a simple yes/no or
multiple choice answer (“You just counted six. Six
what?”). Finally, teachers tend to express themselves
more clearly than adolescents, which also makes their
talk easier to code with greater accuracy.
Another possibility is that teachers’ constructive

prompts may provoke some constructive processing in
the mind of the learner, even when students do not re-
spond with an overt constructive verbal response. In this
way, the teachers’ constructive prompts may be more pre-
dictive of transfer than students’ constructive talk if stu-
dents are doing some mental construction without
verbalizing it. For instance, in one study, participants who
heard a deep-level-reasoning question before being shown
the answer learned more than those who were simply
shown the answer, even though participants who received
the questions were not forced to explicitly answer them
(Craig, Sullins, Witherspoon, & Gholson, 2006).
What kinds of teacher-student exchanges predicted

transfer? We found a positive relationship between the
proportion of constructive teacher-student exchanges
and transfer outcomes, when controlling for prior know-
ledge. Given that student talk predictors were not sig-
nificantly related to transfer outcomes, these results
suggest that constructive teacher-student dialog may be
more important than students’ individual cognitive en-
gagement. Both the ICAP framework and other theories
of tutor-tutee or teacher-student interaction suggest that
joint dialogs can have a strong influence on learning and
transfer (Chi et al., 2001, 2008). However, compared to
the relationship between teacher talk and transfer, the
association between teacher-student exchanges and

transfer is more tenuous, as it did not predict unique
variance in transfer scores when other predictors were
added to the model.
In sum, our data generated some evidence for the

CAP portion of the ICAP hypothesis in the form of
teacher talk, teacher-student exchanges, and to some de-
gree in student talk as well. First, teachers’ constructive
prompts positively and significantly predicted transfer,
while passive prompts negatively and significantly pre-
dicted transfer. Second, constructive teacher-student ex-
changes positively and significantly predicted transfer,
when controlling for prior knowledge. Third, while there
were no significant student talk predictors of transfer,
the coefficients in the final model were in the general
direction predicted by the CAP hypothesis: C > A > P, in
that constructive talk was positively related to transfer,
passive talk was negatively related to transfer, and active
talk fell in between. In fact, this general C > A > P pat-
tern occurred in all three sets of regressions. While these
coefficients were not significant in some cases, we
speculate that with a larger sample size and greater
power, these effects might have been significant.

Limitations and future research
One limitation of this study is the small sample size,
which raises issues of power and generalizability. For in-
stance, it is possible that regressions of student talk and
teacher-student exchanges would have yielded more sig-
nificant findings, had we included more students in our
study, increasing our power. However, because we had
low power, in cases where we did achieve significance,
the effects were sizeable (e.g., significant predictors ex-
plained 28–33% of unique variance in transfer scores).
Another issue is whether these effects are likely to
generalize to a broader population of students and
teachers. First, it should be noted that our student popu-
lation had low socioeconomic status and was very ra-
cially diverse, and our teachers were fairly experienced
science teachers. Thus, these results may not generalize
beyond this specific population. Also, with small sample
sizes, the possibility that effects were due to chance in-
creases. However, it seems unlikely that our effects were
entirely due to chance, given that many of them align
with prior ICAP research. Nonetheless, all findings and
implications should be viewed as tentative, and future
work should attempt replication with a larger sample of
students and teachers.
Another limitation of this work is that it may only

generalize to Invention activities or exploratory learning
activities that are followed by expository instruction. Fu-
ture work should explore cognitive modes of engage-
ment in teacher and student talk, and their relationships
to transfer, in other forms of exploratory learning activ-
ities like discovery or problem-based learning. It would
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also be interesting to test whether these effects
generalize to a classroom setting. In this study, teachers
worked one-on-one with students. While we believe this
is similar to a situation where students engage in indi-
vidual or group seatwork with teachers circling the room
and providing individualized guidance, we cannot be
sure that these results would generalize to the broader
classroom setting, particularly in larger classes with high
student-teacher ratios.
Future research could also test the causal contribu-

tions of teachers’ constructive, active, and passive
prompts in a controlled experimental study that expli-
citly manipulates these forms of teacher guidance. This
would give us (1) more definitive evidence of the impact
of teacher talk on student learning and transfer and (2)
help us disentangle the effects of constructive and pas-
sive teacher prompts on transfer outcomes.
Another interesting line of follow-up research would

explore when and why student and teacher exchanges
do not align. For instance, why do students sometimes
respond to constructive prompts with active or passive
responses? Why do students sometimes respond to pas-
sive prompts with constructive or active responses?
What contextual variables account for these effects? This
would further inform our understanding of how to so-
licit productive modes of cognitive engagement in
students.
Finally, it would be interesting to explore the I portion

of the ICAP hypothesis in the context of Invention and
other exploratory STEM tasks. Our work focused on
teacher prompts and student responses, and because
teachers generated so few interactive prompts in our
data set, we did not analyze them. However, an analysis
that focuses on how teacher ideas were taken up by stu-
dents (whether or not this was explicitly prompted by
teachers) could uncover evidence of interactive dialog.
Future work could also examine the relationship be-
tween transfer outcomes and interactive talk exchanges
between collaborative peers as they engage in Invention
tasks (see Mazziotti et al., 2019).

Implications
Our study has explored the role of teacher talk in influ-
encing students’ mode of cognitive engagement and
their ability to transfer STEM concepts. The work makes
several contributions to the ICAP framework. First,
while most of the work supporting the ICAP hypothesis
has been done through experimental manipulations of
task types, we have provided evidence supporting the
CAP portion of the ICAP hypothesis in the context of
teacher-student dialog. Our study found that teachers’
constructive prompts positively relate to transfer, while
active prompts are unrelated to transfer, and passive
prompts negatively predict transfer (with the caveat that

we cannot distinguish the relative effects of constructive
and passive prompts). This suggests that the ICAP
framework may be effectively extended to teacher talk
and can provide a useful framework for classifying forms
of teacher talk guidance. Second, in our data, evidence
for the CAP hypothesis was strongest in the context of
teacher talk and was found to a lesser extent in both stu-
dent talk and teacher-student exchanges. While issues of
low power may have hindered our ability to find signifi-
cant relationships in student talk or teacher-student ex-
changes, this finding underscores the important role of
teachers’ verbal prompts for cognitive engagement in
shaping student transfer outcomes. Third, our data
sheds light on the tension between the kind of cognitive
engagement students enact and the kind that teachers
intend in teacher-student dialog. Students tended to re-
spond with the form of cognitive engagement they were
prompted for by teachers. However, alignment between
teacher and student talk categories was not perfect, and
the majority of student talk was active. Thus, instruc-
tional designers may need to consider other factors that
could contribute to learners’ mode of engagement, such
as the task, learners’ motivation, and other potential
contextual variables. Moreover, it should be noted that
passive prompts may yield a variety of student responses,
and passive student talk may arise in a variety of situa-
tions. Fourth, we have generated a novel coding scheme
for constructive, active, and passive teacher and student
talk, which other researchers could apply. Fifth, while
the ICAP framework has been effectively applied to
many forms of more traditional learning activities, such
as note-taking and reading (Chi & Wylie, 2014), in this
study, we found reasonable support for the CAP hypoth-
esis in the context of an exploratory Invention task.
In addition, our findings contribute to our understand-

ing of guidance during Invention activities. First, we dis-
covered that teachers spontaneously produced an even
distribution of constructive, active, and passive forms of
talk rather than privileging one particular form of
prompt. This shows that while guiding Invention tasks,
teachers did not favor active and passive prompts, which
are common in more traditional teaching paradigms.
Teachers also did not produce a majority of constructive
prompts, which might be expected given the construct-
ive nature of the task. Second, this study sheds light on
how teacher guidance affects a student’s ability to trans-
fer from Invention tasks and whether Invention tasks
should be guided at all. While research findings on the
efficacy of guidance during the Invention phase is mixed
(Chase et al., 2019; Holmes et al., 2014; Kapur, 2011;
Loibl & Rummel, 2014), little research on Invention has
explored teacher talk guidance. Our work shows that
guidance in the form of teacher talk is associated with
learners’ developing transfer abilities, when the guidance
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takes the form of constructive prompts rather than pas-
sive ones. While causality cannot be inferred from our
correlational findings, the fact that certain teacher
prompts predict student transfer performance even
when controlling for prior knowledge (and when prior
knowledge does not predict those teacher prompts) sug-
gests that teacher guidance plays a role in facilitating
students’ transfer from Invention tasks.
Lastly, our findings have practical implications for the

design of guidance for Invention. We suggest that a pro-
ductive way to guide Invention tasks is for teachers to
prompt students to construct novel ideas, explanations,
and reasoning (e.g., How did you come up with that
number? Explain your solution. Why did you decide to
divide? Why did you think this bus is more crowded
than this bus?). These prompts are relatively more pro-
ductive than active forms of questions, which invite
learners to demonstrate known facts, mastered mathem-
atical procedures, or to repeat or paraphrase information
(e.g., Count the clowns in this bus. Six what? What does
this say?). Finally, prompts that engage students pas-
sively, such as teacher explanations or statements that
only invite the student to agree, look, or listen, should
be suppressed. While some active and passive prompts
and responses are probably necessary to move the dialog
along (and indeed, no teachers in our study gave only
one type of prompt), we suggest that teachers attempt to
use a larger proportion of constructive than active
prompts and relatively few passive ones. Takeaways from
this research have already impacted the design and im-
plementation of the Invention coach, a computer-based
Invention space (Aleven et al., 2017; Chase et al., 2019;
Marks, Bernett, & Chase, 2016). Finally, applying the
ICAP framework may be a productive way to identify
forms of guidance that could facilitate transfer from
other exploratory STEM learning activities.

Conclusion
In this study, we examined teacher-student dialog as
teachers guided students through Invention activities, with
an eye towards understanding spontaneous teacher talk
guidance of Invention and identifying effective guidance
of exploratory STEM learning activities. We applied the
ICAP theoretical framework to explore teacher-student
dialog and to classify talk into constructive, active, and
passive teacher prompts, student responses, and
teacher-student exchanges. While findings should be rep-
licated with larger student and teacher populations before
strong conclusions can be drawn, there were some prom-
ising findings. Results showed that teachers produced an
even distribution of constructive, active, and passive
prompts; however, students produced mostly active forms
of talk. Although students tended to respond with the
form of engagement teachers prompted, alignment was

not perfect, particularly for the passive category. Com-
pared to student talk and teacher-student exchanges,
teacher talk showed the strongest relationship to students’
abilities to transfer knowledge of ratio structures to novel
scientific contexts. Higher proportions of constructive
teacher prompts and lower proportions of passive
prompts were associated with greater transfer. Finally,
teacher talk, student talk, and teacher-student exchanges
all produced evidence of the CAP portion of the ICAP hy-
pothesis (albeit descriptively, in some cases), whereby the
relationship between talk and transfer outcomes followed
this general trend: C > A > P. This work implies that the
CAP portion of the ICAP framework can be extended to
teacher-student dialog in exploratory STEM learning ac-
tivities and that teacher talk plays a key role in eliciting
student cognitive engagement. Moreover, this research
suggests that teacher talk guidance for Invention should
contain many prompts for students to construct—generat-
ing novel ideas, inferences, and explanations—and few
prompts for passive attention—such as asking students to
listen to explanations or telling them where to look, when
the goal is to promote students’ abilities to adapt their
knowledge for novel contexts.

Endnotes
1Given our small sample size, we conducted Cook’s,

Mahalanobis, and Leverage tests for outliers. We did
find two outliers according to Cook’s criteria. However,
given that removing these outliers only magnified our ef-
fects, we chose to go with the more conservative option
of keeping these two participants in the analysis. Thus,
the results are slightly under-estimated.

2However, unlike constructive and passive teacher talk,
which were each significant predictors only when the
other was not contained in the model, active
teacher-student exchanges did not predict transfer, even
when entered into a model with pretest only.
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