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Abstract

Question-asking is essential for reasoning, understanding, and investigating scientific prob-
lems within and beyond traditional classrooms. Nevertheless, questions generated in for-
mal and informal learning environments can be infrequent and unsophisticated. This study
explores museum visitors’ question-asking quality by considering their interactions with
two different modes of a question-asking mobile app (Ask or Game Mode) in two different
museum environments (linear non-interactive or non-linear interactive exhibits). Results
showed that visitors’ question-asking quality was influenced by app modes and by museum
environments. Specifically, we found that visitors’ question-asking quality was signifi-
cantly higher when using the gamified version of the app (Game Mode) compared to a non-
gamified version (Ask Mode) in a linear non-interactive exhibit. Findings also revealed
that question-asking performance could be significantly influenced by instrumental fac-
tors (such as app performance in answering questions) and socio-contextual factors (such
as visitor group inquiry frequency). The study provides fundamental and comprehensive
insights for designing active learning environments by considering the influential factors of
question-asking.
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Introduction

Question-asking is one of the essential processes of scientific inquiry (Bybee, 2006) and,
as an active learning strategy, is closely associated with academic achievement (Cano et al.,
2014) and cognitive engagement (Chi, 2021). However, researchers have noted that ques-
tion-asking is often infrequent and unsophisticated in formal and informal learning envi-
ronments (Bradley et al., 2008; Graesser & Person, 1994; Jirout & Klahr, 2011). According
to Graesser and Person (1994), unsophisticated questions are Shallow, short-answer ques-
tions that address the content and interpretation of explicit material; they are rarely high-
level questions that involve inferences, multistep reasoning, the application of an idea to a
new domain of knowledge, the synthesis of a new idea from multiple information sources,
or the critical evaluation of a claim. (p. 105).

Recently, artificial intelligence (AI) such as ChatGPT has made its way into the gen-
eral public’s awareness. The potentials and dangers of such Al technologies have seem-
ingly catalyzed heightened interest in the quality of questions that people ask. The focus
on learners’ questioning quality is no longer solely an issue in educational practice but has
become an important and ongoing research topic, which aims to cultivate more individuals
who can explore and solve complex problems and engage in critical thinking. Thus, under-
standing learners’ questioning quality is essential for preparing them for the demands of
the future workforce in the age of Al (Abdelghani et al., 2022; Humphries & Ness, 2015).

Recent works have also highlighted the importance of question-asking in various edu-
cational contexts. Museums have been identified as a rich source of inquiry-based learn-
ing opportunities that can foster higher-order thinking skills and engagement (Allen, 2004;
Gutwill & Allen, 2012). Research has been conducted from various perspectives to inves-
tigate the role of questioning in museum visits. For example, studies have examined the
conversational and questioning styles of parents (Ash, 2004), considered the use of guided
questions (Hohenstein & Tran, 2007), and analyzed the questioning techniques used by
museum educators (Braund & Lelliott, 2017; Tigert et al., 2021) in fostering participation,
engagement, and higher inquiry skills during museum visits (Allen & Gutwill, 2009).

Despite the potential of museums to facilitate inquiry-based learning, there is a research
gap in the analysis of visitors’ question-asking quality in museum settings and the factors
that can influence it. The present study aims to address this gap by making both theoretical
and practical contributions on understanding visitors’ question-asking quality. Specifically,
the goal of the study is twofold. First, it aims to build on existing frameworks that examine
influential factors of question-asking at museums. Second, this study aims to explore visi-
tor groups’ question-asking quality using a mobile app, Dr. Discovery (hereafter the Dr. D
app).

The Dr. D app features two modes: Game Mode and Ask Mode. The Game Mode is
designed to include simple casual game mechanics (e.g., earning digital badges by asking
more questions). In comparison, the Ask Mode provides a baseline version which is essen-
tially a simple question-asking app with no gamified elements. By using these modes, this
study investigated the impact of different versions of a mobile app on visitors’ question-
asking quality in different museums located in the American Southwest: a linear non-inter-
active exhibit at Museum A and a non-linear interactive exhibit at Museum B. In doing
so, we aimed to contribute to the development of practical strategies to enhance visitors’
questioning skills and museum learning experiences.

In the following section, we discuss the theoretical frameworks underpinning this study
and prior work that led to the formation of our research questions and hypotheses.
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Theoretical framework and relevant literature
Frameworks for assessing question quality

Our prior work (Ha et al., 2021) critically reviewed existing frameworks and coding schema
for assessing informal learning environments (Borun, 2002; Tissenbaum et al., 2017).
These frameworks tend to evaluate the general aspects of learning behaviors or collabora-
tive interactions occurring at museums rather than providing a hierarchical framework to
clearly distinguish question-asking quality that would indicate widely different levels of
cognitive engagement. Given that learning principles from formal environments could also
be used to enhance learning in informal settings, we thereby considered frameworks and
schema for analyzing the qualitative characteristics of questions in formal learning envi-
ronments (Gallagher & Aschner, 1963; Graesser & Person, 1994; Scardamalia & Bereiter,
1992). One common feature of the question-asking frameworks used in classrooms is that
they classify knowledge-based questions into multiple levels. For example, Gallagher and
Ascher (1963) classified knowledge-based questions as low-level versus high-level. Low-
level questions are memory-based or convergent-thinking questions that relate ideas by
comparing, contrasting, or explaining. In contrast, high-level questions are more profound
questions that involve divergent thinking to predict, infer, hypothesize, reconstruct infor-
mation, incorporate new knowledge, and make subjective judgments. Graesser and Person
(1994) later classified questions into 18 types. For instance, “low-level, convergent-think-
ing questions” include “concept completion” and “definition” (p. 110) types of questions
that can be answered with a word or a phrase. In contrast, “high-level, divergent-thinking
questions” contain “causal consequence”, “goal orientation”, and “judgmental” (p. 111)
types of questions which often require long, elaborated answers with deeper reasoning.
Similarly, Scardamalia and Bereiter (1992) categorized questions as either “basic informa-
tion” questions that are asked in need of information to orient towards a topic or “won-
derment” questions that “reflect curiosity, puzzlement, skepticism, or a knowledge-based
speculation” (p. 187).

To our knowledge, there is no existing framework that guides the assessment of question
quality in museums. Drawing upon previous works in both formal and informal learning
environments, the present study proposes a framework that can be used to categorize vis-
itor-generated questions into various types, thereby comprehensively understanding visi-
tors’ question-asking quality at museums.

Understanding influential factors for question-asking at museums

To understand visitors’ question-asking performance (i.e., the question quality and quan-
tity) at museums, it is critical to explore the factors that are associated with question-asking
mechanisms (Graesser & Person, 1994; Ronfard et al., 2018). According to Ronfard et al.
(2018), question-asking mechanisms can be explained from a process-oriented perspective
and can be broken down into four stages: initiation, formulation, expression, and evalua-
tion. “Initiation” involves the understanding that there is some information attainable by
asking a question; “formulation” involves identifying the information needed and phras-
ing a question requesting that information; and “expression” is deciding whether to ask
the question, considering both whether there is a reliable source of information and if the
context is appropriate for asking a question. These three stages are followed by the fourth
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stage, “evaluation” of the response received, which determines whether the sequence will
end, a question will be restated, or a new question will be asked. These four stages consti-
tute a model for elaborating the question-asking mechanism, which is essentially an iter-
ative and dynamic process with different components influencing one another without a
specific order. Therefore, one perplexing issue for museum researchers to consider is how
to provide learning scaffolds at different stages of the question-generation process that
encourage visitors to spontaneously engage in the iterative and dynamic process of ques-
tion-asking. In theory, visitors may benefit from the scaffolds and be able to generate more
high-level or deeper questions (Gutwill & Allen, 2012; Yoon et al., 2013).

With the advancement of technologies, museums are rapidly adopting diverse forms
of mobile technologies to scaffold learning and offer diverse opportunities for visitors to
interact and learn (Charitonos et al., 2012; Harley et al., 2016; Lee et al., 2020). Despite
different modalities, promoting inquiry-based thinking and question-asking skills through
interaction with exhibits is an essential goal (Efstathiou et al., 2018; Tissenbaum, 2020).
For example, researchers closely examined different design elements to enhance inquiry
skills afforded by mobile devices (Jong et al., 2018; Liu et al., 2021; Suarez et al., 2018).
Gamification has been utilized as a design element in museum apps to enhance visitor
engagement, learning, and enjoyment (Nelson et al., 2020; Squire & Jan, 2007). One popu-
lar gamification element that has been integrated into museum mobile apps is the use of
digital badges (Cordova-Rangel & Caro, 2023; Negrusa et al., 2015). Research has shown
that the use of digital badges can effectively motivate visitors to explore and engage with
the exhibits more thoroughly, learn more about the collections, and provide a sense of
accomplishment and recognition (Jovanovic & Devedzic, 2015). However, it is important
to note that the use of digital badges needs to be combined with other educational strat-
egies (i.e., promoting question-asking through other means such as prompts) to create a
comprehensive and engaging museum visiting experience. Consequently, the design of a
mobile device in terms of whether it contains gamified elements (e.g., digital badges), and
the usability or actual performance of the device are instrumental factors that could poten-
tially influence visitors’ question-asking performance (Gutwill & Allen, 2012).

In addition to the instrumental factors, the literature also suggests considering socio-
contextual factors: the physical learning environments and the social settings (Vartiainen
& Enkenberg, 2013; Wang et al., 2017). The physical layout of a museum can have a sig-
nificant impact on visitors’ experience and question expression in museums. For example,
exhibits that offer multiple hands-on and interactive investigations appeared to increase
visitors’ tendency to engage in inquiry behaviors (Allen & Gutwill, 2009) whereas over-
crowding for a linear non-interactive exhibit may pressure visitors to quickly end their
inquiry and move on to the next exhibit (Gutwill & Allen, 2012). A recent study (Pérez
Cortés et al., 2023) compared the effects of linear versus non-linear interactive museum
layouts on visitors’ question-asking performance. In this study, a linear museum layout
involves a sequential arrangement of exhibits in a single path or route. Visitors follow a
predetermined path and view the exhibits in a fixed order. In contrast, a non-linear inter-
active layout provides visitors with more flexibility and autonomy to choose their own
path and explore the exhibits in a non-sequential way. More research is needed to examine
whether visitors in a non-linear interactive exhibit had higher levels of engagement, higher
levels of retention and recall, spent more time in the museum, and asked more questions
compared to those in the linear exhibit.

Moreover, the expression of questions also involves considerations of social settings,
such as considering whether someone is available to provide reliable information; and if
such a person is available, whether it is acceptable to request information from this person
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given the social context (Graesser & Person, 1994). In museums, visitors may not articulate
their questions because they are concerned with interrupting others, challenging the views
of adults or more experienced group members, or cannot find a docent or museum profes-
sional (Allen & Gutwill, 2009). To create a social setting favorable for question expression,
researchers found that parents who used a conversational style and open-ended questions
tended to have children who were more engaged in inquiry behaviors than those whose
parents took on a teacher-like role and used a structured question-asking pattern (Callanan
et al., 2021; Hohenstein & Tran, 2007). Recent works on socio-contextual factors of infor-
mal learning primarily focused on examining conversations, dialogues, and other social
collaborative interactions among learners and groups of learners (Ha et al., 2021; Tissen-
baum, 2020; Zimmerman & Land, 2022). The present study shifted the focus to an equally
critical examination of socio-contextual factors on visitor groups’ question-asking quality
and performance at museums.

Furthermore, to formulate a question, one must know what is missing and what is nec-
essary for further understanding. Therefore, it is critical to understand cognitive factors
associated with question formulation, such as the level of epistemic curiosity. Epistemic
curiosity is a psychological need to acquire knowledge to fill a knowledge gap or correct a
knowledge deficit, that motivates question formulation (Jirout & Klahr, 2011; Ram, 1991).
In other words, how learners ask questions depends on how curious they are in terms of
what they are learning or observing, or whether they can identify their knowledge gaps.
In Alaimi et al. (2020), children who were more curious by trait asked more complex
divergent-thinking questions. Similarly, Jirout and Klahr (2011) found a positive relation-
ship between children’s curiosity and their range of question-asking abilities, indicating
that more curious children ask more questions, and are better at generating higher-level
questions.

In summary, the literature suggests researchers explore three main factors that might
be associated with visitors’ question-asking performance at museums: instrumental, socio-
contextual, and cognitive factors. Adopting the process-oriented perspective, these three
factors might influence question-asking performance at the initiation, formulation, expres-
sion, and evaluation stage (Ronfard et al., 2018). Considering previous research, we investi-
gated through a quantitative analytical approach and considered multiple factors that might
influence visitors’ question-asking performance. Specifically, we examined the influence
of cognitive factors (i.e., the level of epistemic curiosity), instrumental factors (i.e., the
app mode, the app performance in answering questions), and socio-contextual factors (i.e.,
exhibit layout, visitor group question-asking frequency) on museum visitors’ question-ask-
ing quality and performance.

The present study

This study is the first to focus on visitors’ question-asking quality at different museums
using different versions of a mobile app. We explored three research questions:

RQI1: What is the overall question-asking quality and performance among visitor
groups with distinct demographic characteristics using the app?

RQ2: Does the effect of different modes of the mobile app (Ask mode vs. Game
mode) on visitors’ question-asking quality vary by whether visitors engage in a lin-
ear non-interactive exhibit versus a non-linear interactive exhibit (Museum A vs.
Museum B)?
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RQ3: What are the factors that impact museum visitors’ question-asking perfor-
mance (considering both quality and quantity) when using a mobile app? To what
degree do these factors impact visitors’ question-asking performance?

For RQ1, we intended to present data on the overall question-asking quality captured by
our app. For RQ2, we first hypothesized that visitors who used the Game Mode of the app
would be more engaged in asking higher-level questions than those using the Ask Mode
given that the literature documented the positive effect of gamification in fostering learn-
ing and engagement (Sailer & Homner, 2020; Zainuddin et al., 2020). However, after con-
sidering the effects of using the app at two museums with different exhibit layouts (linear
non-interactive vs. non-linear interactive), we expected that the effect of the mobile app
would vary depending on different exhibit layouts. Studies have shown that an exhibit with
an open-room layout and interactive facilities is already engaging (Allen & Gutwill, 2009;
Gutwill & Allen, 2012), so we assumed that the use of Game mode of the app would not
substantially affect visitors’ question-asking quality at the non-linear interactive exhibit.
However, it is likely that using the Game mode of the app would have a significant influ-
ence on question-asking quality in a linear non-interactive exhibit. Specifically, we formed
the following two hypotheses (H) for RQ2: Visitors who used the Game Mode of the Dr. D
app will possess higher question-asking quality compared to those who used the Ask Mode
at the linear non-interactive Museum A (H1); Visitors who used the Game Mode of the Dr.
D app will demonstrate similar question-asking quality to those who used the Ask Mode at
the non-linear interactive Museum B (H2).

For RQ3, the literature has posited cognitive factors (CF), instrumental factors (IF),
and socio-contextual factors (SCF) as influential factors for question-asking performance
in museums. However, the degree to which these factors could influence question-asking
performance is yet to be known. Therefore, we hypothesized that (H3): Visitors’ question-
asking performance would be influenced by the level of epistemic curiosity (CF_1), the
mode of the app (IF_1), the app performance in answering questions (IF_2), the museum
layout (SCF_1), and visitor groups’ question-asking frequency (SCF_2).

Through answering these questions and hypotheses, we hope to provide fundamental
and comprehensive insights for designing and implementing mobile apps that can foster
high-level questioning among visitors and improve their museum learning experience.

Description of the app

The Dr. Discovery (Dr. D) app, created as part of a National Science Foundation-funded
project examining the potential benefits of mobile technologies for supporting better under-
standing of visitor interactions with museum exhibits, features an interface in the form of
an animated astronaut floating against a starfield. Visitors interact with the app through
text in either English or Spanish. Spell correction is utilized on typed input. The Dr. D
app is composed of two parts: (1) a front-end “virtual scientist” who responds to visitors’
questions by providing vetted answers and (2) a back-end analytics portal to be mined by
museum staff, evaluators, and researchers (Nelson et al., 2017).

Our app was designed with two modes: Ask Mode and Game Mode (Fig. 1). Ask
Mode provided a baseline version which was essentially a simple question-asking
app with no gamification elements. In comparison, Game Mode was designed with
a gamification component (e.g., providing badges to reward visitors’ question-asking
behaviors based on the number of questions asked). The purpose of Game Mode was to
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Fig.1 The App Interface: Ask Mode (left), Game Mode (right)

encourage visitors to ask more questions about the exhibit content, providing valuable
insights for museum personnel. However, there was a challenge in finding a balance
between engaging visitors in the gamified app and ensuring they still fully engage with
the physical museum experience. To address this, the Game Mode underwent several
design iterations, aiming to make it engaging while keeping the focus on the exhibit
content. In the Game Mode, players help Dr. D return to a space lander by asking ques-
tions, and with each question, Dr. D’s vehicle moves forward. Unlike existing interven-
tions that used carefully designed questioning prompts or scaffolds (Gutwill & Allen,
2012; Yoon et al., 2013), our app introduced Dr. D as a “virtual scientist” in the form
of a gender-neutral astronaut who could answer visitors’ questions anytime during
their visits. This design could have potentially reduced the efforts put into expressing
a question because the perceived social cost of asking a question to a mobile app was
considerably lower than asking questions to a docent or others (Huang et al., 2017).
This design also led to the inclusion of badges and trophies as rewards for specific
question-asking achievements. Therefore, the study compared whether the gamified
badging reward system could improve the quality of questions asked in the app.

In addition, both versions of the app used a tiered response system to interact with
visitors by answering questions and could report the level of certainty in answering
questions. For instance, when questions were perfectly matched to the database, the
front-end of the app would reply with associated answers and the back-end portal
would report tier “1” as a perfect match. If the question match was close, but not per-
fect, our app would respond “If you meant [question from the database], the answer
is [answer from the database].” Then, the portal would document tier “2” for a close
match. Samples that describe the tiered response system can be found in Appendix A.
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Methods
Participants and settings

This study used a two (Game Mode vs. Ask Mode) by two (linear non-interactive exhibit
vs. non-linear interactive exhibit) design. The research team introduced the Dr. D app to
visitor groups and invited them to use it while exploring a designated exhibit hall at either
of the museum sites. Participant groups decided when and where to use the project app
while exploring the exhibits at their own pace. Different versions of the app were imple-
mented on an alternating schedule such that on a given day all visitors would be offered
one version of the app. When considering the contexts of the two museums (A and B), the
average group size at both consisted of approximately four individuals, with a higher rep-
resentation of women than men. The most common age range among group members fell
within the “child” category, encompassing ages 5 to 12. In terms of survey respondents,
more than two-thirds of the visitor groups are small-sized groups containing two to four
people. Nearly two-thirds identified as female across both museum sites. Similarly, roughly
two-thirds of the main participants reported their age to be between 26 and 45. Regarding
racial and ethnic background, nearly two-thirds of primary participants identified as White,
making it the largest demographic group across two sites. The Hispanic/Latinx commu-
nity represented the second largest group, while the remaining racial and ethnic groups
accounted for approximately five percent or less. More demographic information can be
found in our recent paper (Pérez Cortés et al., 2023). In addition, Museum A features a lin-
ear non-interactive exhibit called “Origins” that occupies a long hallway from the entrance
to the exit. In contrast, Museum B features a non-linear interactive exhibit about “Forces
of Nature” that takes up an open room and semi-circular space (See Fig. 2). A total of 1,
331 visitor groups used our app during their visit to two museums by inputting at least one
question. Visitors self-selected into their groups. Among these groups, 463 (35%) groups
visited Museum A while 868 (65%) groups visited Museum B. A total of 510 groups (38%)
used Ask Mode and 821 (62%) used Game Mode (See Table 1). There were four condi-
tions involved in the study:

e Ask Mode of the app used in a linear, non-interactive exhibit (ASK_MUSEUM A)
e Ask Mode of the app used in a non-linear, interactive exhibit (ASK_MUSEUM B)
e Game Mode of the app used in a linear, non-interactive exhibit (GAME_MUSEUM A)

Fig.2 The museum layout: museum A (left), museum B (right)
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Table 1 Visitor group numbers

by venue and app mode Ask mode Game mode Total
Museum A 214 249 463
Museum B 296 572 868
Total 510 821 1331

Note that despite allocating an equal number of implementation days
for each mode at each museum, the number of participants in each
category from our in-situ study was substantially unbalanced due to
external influences. Specifically, there was a higher number of partici-
pant groups in the Game Mode at Museum B. This variation can be
primarily attributed to two significant factors: the presence of vacation
days for children and teenagers, and the proximity of certain days to
major holidays

e Game Mode of the app used in a non-linear, interactive exhibit (GAME_MUSEUM B)

Procedure

At each museum, we implemented Ask and Game Modes in a rotational manner, ensur-
ing that visitors were offered participation in only one condition on any given day. The
implementation periods typically lasted for 3—4 h each day. We had a total of 13 iPad minis
available for lending to participants at each site. To facilitate data collection, our team set
up two tables at each museum. One table was positioned at the entrance of the exhibit,
where visitors were invited to take part in the study and complete a pre-questionnaire. The
other table was located at the exit of the exhibit, where visitors filled out a post-question-
naire. At the entrance table, our researchers approached every visitor group that included at
least one adult over the age of 18 and invited them to participate, following a standardized
script. If a group declined to participate, we documented the general composition of the
group (number of adults, youth, and babies/toddlers) and made note of any relevant com-
ments they expressed. For groups that accepted, one adult from each group completed the
pre-questionnaire. Once the necessary paperwork was completed, participants were given
an iPad with a unique number, which was recorded on their questionnaire along with the
entry time to the exhibit. Participants were informed that our research team had developed
an iPad app designed to address their questions as they explored the exhibit. The adult
participant who filled out the pre-survey was designated as the “question enterer” for the
group, while other members were encouraged to contribute their own questions to the des-
ignated person. Participants were informed that they were free to spend as much time as
they desired in the exhibit. After completing the exhibit, participants returned the iPad to
the exit table. Our researchers recorded the exit time on the post-questionnaire before hand-
ing it to the adult participant for completion. As a token of appreciation for their participa-
tion, participant groups were given stickers and temporary tattoos.

Data and measures

In this study, the use of the app doubled as an unobtrusive data-gatherer for researchers to
not only collect vast amounts of authentic questions asked by visitors but also gather infor-
mation about the app’s performance in responding to visitors’ questions. Specifically, we
examined three strands of data.
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The first strand was the app-collected question-asking data. The second strand was sur-
vey data from pre-post questionnaires, which were reliable measures reported in our previ-
ous paper (Nelson et al., 2020). The third strand was researcher-coded data. For the third
strand, we scored each question collected from the app based on our coding scheme. To
address our research questions, we identified two dependent variables (DVs) and five inde-
pendent variables (IVs) drawn from the literature and the available data. The definition and
explanations of all the variables can be found below.

Question-asking quality and performance (DVs)

To assess visitors’ question-asking quality and performance, we calculated both the aver-
age and the total question score per visitor group. Since the app collected all the questions
asked by each visitor group, we carefully assigned them to the corresponding question type
and scored each question based on our coding scheme (See Table 2). Because some groups
had more members than others which might contribute to a higher number of questions
asked within the group, we decided to use the average question score per visitor group
instead of the total question score as an indicator of question-asking quality (DV1). How-
ever, we later used the total question score per visitor group as the indicator for the over-
all question-asking performance (DV2), which took both the question quality and quantity
into consideration.

Cognitive factor

Epistemic curiosity is a composite cognitive factor created from a series of pre-question-
naire questions asking visitors about their frequency of participation in free-time science
activities. Participants were asked “In your free time, how often do you (1) read news about
science? (2) read books about science? (3) visit websites about science? (4) watch TV
about science? (5) talk to others about science? (6) visit science-related museums? (7) do
science activities/projects?” and the choices were “Never/almost never”, “Once a year”, “A
few times a year”, “Monthly”, “Weekly”, “Daily”. We scored the choices from 1 (“Never/
almost never”) to 6 (“Daily”) and calculated an average composite score of these questions
as a proxy measure for epistemic curiosity per group. This cognitive factor (CF_1) was a
continuous variable in our analysis.

Instrumental factors

The instrumental factors were sourced directly from the app. App mode was a categorical
variable (IF_IV2): (0) Ask Mode, (1) Game Mode. Since the app used a tiered response
system to report how certain it was in responding to each question. For the analysis, we
estimated the average tier score for each visitor group as the measure of app performance.
This app performance variable was a continuous one (IF_IV3).

Socio-contextual factors

Participants were from two different museums with different layouts, so museum layout was
a categorical variable (SCF_IV4): (0) Museum A (linear exhibit), (1) Museum B (non-linear
exhibit). In addition, the socio-contextual factors considered survey data such as self-reported
group question-asking frequency collected from the questionnaire. Participants were asked to
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Understanding museum visitors’ question-asking through a... 2495

rate “how often did your group discuss what questions to ask Dr. D?” on a 1 to 5 Likert scale
(1=not at all; 5=every time). This variable was included in our analysis as a continuous vari-
able (SCF_IVYS).

Coding procedure and scheme

The coding procedure involved two main steps. First, one of the researchers closely reviewed
3000 (25%) questions and proposed an initial categorization of the different types of questions
based mainly on Scardamalia and Bereiter’s coding rubric (Scardamalia & Bereiter, 1992).
Given the diversity of questions captured in our app, we formulated four main types and fif-
teen subtypes of questions after multiple rounds of team discussion and review. As a result,
we distinguished wonderment questions into two types: (a) regular wonderment questions
that asked for explanations of science processes or causality for a scientific phenomenon; (b)
high-level wonderment questions that asked for comparison and contrast, involving inquiries
that manifest critical thinking, scientific hypothetical reasoning, or questions that may gener-
ate interpretive or communal discussions. The finalized coding scheme is shown in Table 2.
Upon reaching a consensus on the coding, the second step was to code the questions. The
first and the third author independently coded 2400 (20%) questions that were evenly and ran-
domly selected from all conditions. During the coding process, app modes and museum sites
were blinded. Disagreements were discussed and addressed during team meetings. The overall
interrater reliability was very high (Cohen’s k=.90, p<.001). The rest of the questions were
then coded by the first author.

Data analysis

For answering RQ1, descriptive statistics were used to present the results of visitors’ over-
all question-asking quality. For addressing RQ2, a two (Ask Mode vs. Game Mode) by two
(Linear vs. Non-linear) between subjects ANOVA was conducted to study question-asking
quality (DV1) differences between visitors who used the Ask Mode of the app and the Game
Mode of the app at two museums featuring different exhibit layouts. A series of pairwise com-
parisons were also conducted to examine the significance of differences between each pair
of conditions. For RQ3, to identify which factors could influence museum visitors’ question-
asking performance and to what degree the influences are, we regressed visitors’ total question
score per group (DV2) on different App Mode x Museum Layout (IF_IV2 x SCF_IV4) condi-
tions, epistemic curiosity (CF_IV1), app performance (IF_IV3), and group inquiry frequency
(SCF_IVS), while controlling for group size. Considering the 2 X2 interaction effect between
the categorical variables, we converted the four conditional categories into three dummy vari-
ables: Game_Linear, Ask_Non-linear, and Game_Non-linear with Ask_Linear as the refer-
ence group. Epistemic curiosity is indicated by the frequency level of visitors’ free-time sci-
ence activities. App performance is the average tier score for the app answering visitor groups’
questions. It is noted that the lower the average tier score, the better the app performance.
Group inquiry frequency is the frequency level of visitors discussing what questions to ask the
app within their group.
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2496 M. Suetal.

Results
Overall question-asking quality and performance (RQ1)

The app used in this study collected a total of 11,909 questions from museum visitors
across two sites. Among these questions, 8126 (68%) were basic information questions
and were scored as “1” for each question, 2144 (18%) were regular wonderment ques-
tions and were scored as ‘“2”, and only 82 (1%) were high-level wonderment questions
and were scored as “3”. There were 1557 (13%) questions that were nonsensical or
off-topic and were scored as “0” according to our coding scheme. Table 3 shows the
descriptive statistics for the dependent variable, question-asking quality (DV1), meas-
ured by the average question score per visitor group. Table 3 also provides information
on another dependent variable, question-asking performance (DV2), measured by the
total question score per visitor group without averaging it by the number of questions
asked.

The results of the analysis on overall question-asking quality (DV1) and question-
asking performance (DV2) revealed interesting patterns across different group sizes,
age groups, gender, and race. When examining DV1, it did not show much differ-
ence across different group sizes. However, it was found that the most commonly seen
small-sized groups with 2 to 4 individuals exhibit a higher average of DV2 (M =9.25,
SD=7.16) than larger groups containing 9 or 10 people M =38.17, SD=7.35). Simi-
larly, when analyzing age groups, different age groups did not demonstrate many differ-
ences in DV1 while age groups (36-55 years old) demonstrated higher average of DV2
M=10.24, SD=7.72) compared to younger age groups (18-35 years old, M=9.26,
SD =7.34) and older age groups (elder than 56 yrs old, M=7.44, SD=6.55). Moreo-
ver, the analysis indicated that females (M =1.08, SD=0.37) tended to exhibit greater
question-asking quality (DV1) than males (M=1.03, SD=0.37). This advantage was
mitigated when examining DV2. Additionally, when considering race and ethnicity, par-
ticipants from diverse racial backgrounds displayed varying levels of question-asking
quality (DV1). Native Hawaiian (M =1.15, SD=0.14, N=7) was the highest, followed
by White (M=1.08, SD=0.36, N=942), Hispanic (M=1.06, SD=0.38, N=220),
Black M =0.98, SD=0.39, N=46, Native American (M=0.88, SD=0.30, N=21),
and Asian (M=0.88, SD=0.40, N=60). In terms of question-asking performance
(DV2), the findings indicated not much difference across ethnic groups. Overall, these
results shed light on the nuanced dynamics of the overall question-asking qualities and

Table 3 Descriptive statistics for N Min Max Mean SD

. Percentiles
the dependent variables

25% 50% 15%

Average 1331 0 3 1.06 037 094 1 1.25
Question

Score Per

Group

(DV1)

Total Ques- 1331 0 50 9.51 738 4 8 14
tion Score

Per Group
(DV2)
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performances within distinct group sizes, ages, gender, and racial groups, providing
valuable insights for further research and development in customizing question-asking
apps based on different demographic characteristics.

Effects of the mobile app on question-asking quality (RQ2)

In addition to analyzing the overall average results of all participants, we were interested
in further examining question-asking quality under different conditions. There was a sig-
nificant main effect of App Mode, F (1, 1327)=6.37, p=.012. Visitors who used the Ask
Mode M =1.03, SD=0.43) had a significantly lower question quality than those who used
the Game Mode (M =1.08, SD=0.33). The main effect for museum layout was also sig-
nificant, F (1, 1327)=32.41, p <.001, such that visitors in the linear non-interactive exhibit
M =0.99, SD=0.38) had significantly lower question quality than those in the non-linear
interactive exhibit (M =1.10, SD=0.36). However, the interaction effect was also signifi-
cant, F' (1, 1327)=6.84, p=.009, indicating the effect of different versions of the mobile
app (Ask Mode vs. Game Mode) on visitors’ question-asking quality is dependent on
museum layout (Linear non-interactive vs. Non-linear interactive).

The observed mean, standard deviation, median, and range of average question scores
per visitor group across the four conditions are displayed in Table 4. In particular, using
the Game Mode of the app at a linear non-interactive exhibit (GAME_MUSEUM A) led
to a significantly higher question score than using the Ask Mode of the app at the same
museum (ASK_MUSEUM A), p<0.001. However, there was no significant difference
found between the other two conditions using different versions of the mobile app at a non-
linear, interactive exhibit (ASK_MUSEUM B = GAME_MUSEUM B).

As shown in Fig. 3, although the question-asking quality at Museum B is gener-
ally higher than that at Museum A, visitor groups who used the Game Mode of the app
at Museum A had significantly higher question-asking quality (measured by the higher
average question score per group) than those who used the Ask Mode at Museum A. This
pattern did not appear at Museum B given the relatively flat line shown in Fig. 3. This
difference suggests that the effect of different modes of the mobile app on visitors’ ques-
tion-asking quality varies by the different museum layouts in which visitors are engaged.

Overall, this set of analyses successfully provided evidence for the two hypotheses gen-
erated from RQ2: (1) H1: Visitors who used the Game Mode of the Dr. D app possess
significantly higher question-asking quality than those who used the Ask Mode of the app
at the linear non-interactive Museum A. In other words, the effect of different modes of
the app on visitors’ question-asking quality varied substantially when visitors engaged in
a linear, non-interactive exhibit. (2) H2: Visitors who used the Game Mode of the Dr. D
app demonstrated similar question-asking quality to those who used the Ask Mode of the

Table 4 Question asking quality by conditions

ASK_ MUSEUM A GAME_MUSEUM ASK_MUSEUM B GAME_MUSEUM

A B
N 214 249 296 572
M (SD) 0.93 (0.40) 1.04 (0.36) 1.11 (0.43) 1.10 (0.32)
Median [min, max] 1 [0, 2] 110, 2] 110, 3] 1.1 [0, 3]
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app at the non-linear interactive Museum B. In other words, the effect of different modes of
the app on visitors’ question-asking quality did not vary when visitors engaged in the non-
linear interactive exhibit. We will elaborate on this result in the Discussion section.

Influential factors of museum visitors’ question-asking performance (RQ3)

Overall, all the variables combined explained 26.4% of the variance in visitors’ question-
asking performance, and the overall regression equation was statistically significant (F [7,
1242]=63.791, p<0.001). However, Table 5 shows that not all the variables are important
in this regression. The cognitive factor, epistemic curiosity, was not statistically significant
(3=0.041, p=.096) in explaining visitors’ question-asking performance. In contrast, the
instrumental factor, app performance, had a substantial and statistically significant effect

gzzlsiizniifjrg;sg: f?)?ﬂ;’;i:efor Variable Standardized coefficients

B t Sig
Constant 2.79 .005
Group Size 0.08 3.40 <.001
Game_Linear 0.18 5.69 <.001
Ask_Non-linear 0.20 5.95 <.001
Game_Non-linear 0.55 15.45 <.001
Curiosity 0.04 1.66 .096
App performance -0.13 -5.29 <.001
Group inquiry frequency 0.18 7.22 <.001
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on question-asking performance (3=— 0.131, p <.001), as did the socio-contextual factor,
group inquiry frequency (3=0.180, p<.001). Moreover, the three dummy variables also
showed statistically significant effects on question-asking performance at varying degrees.

To be specific, being in the Game_Linear condition led to a 0.18 SD increase in ques-
tion-asking performance; being in the Ask_Non-linear condition led to a 0.20 SD increase;
being in the Game_Non-linear condition led to a 0.55 SD increase in question-asking per-
formance, with group size controlled. The regression results inform that although the liter-
ature suggests consideration of cognitive factors (i.e., epistemic curiosity) as an influential
factor for question-asking performance, our model shows that the effect of epistemic curi-
osity on question-asking performance was not statistically significant for museum visitors.
This suggests that our app might be an effective intervention tool that promotes visitors’
question-asking performance at museums regardless of the frequency level of visitors’ free-
time science activities (a proxy measure for epistemic curiosity). Therefore, the regression
analysis successfully provided evidence for H3 derived from RQ3: visitors’ question-ask-
ing performance is largely influenced by the interaction between the app mode (IF_1) and
the museum layout (SCF_1), the app performance in answering questions (IF_2), and visi-
tor groups’ question-asking frequency (SCF_2).

Discussion

The ultimate goal of the study was to foster high-level questioning among visitors and
improve their museum learning experience by understanding visitors’ question-asking
quality and the factors associated with question-asking performance. To achieve this goal,
we addressed three research questions related to (a) the overall question-asking quality and
performance among visitor groups with distinct demographic characteristics using the Dr.
D app; (2) the effect of different modes of the Dr. D app (Ask Mode vs. Game Mode) on
visitors’ question-asking quality at two different museums (Linear Museum A vs. Non-
linear Museum B); (3) how are museum visitors’ question-asking performance explained
by cognitive, instrumental, and socio-contextual factors?

For RQI1, we found that the overall question-asking quality was low for the full sam-
ple. Based on our question coding scheme, most questions asked using the Dr. D app were
basic information questions (68%). Wonderment questions took up 19% with only 1% for
high-level wonderment questions which involved divergent and critical thinking to pre-
dict, infer, hypothesize, and generate new ideas or information in addition to the exhibit
contents. The finding of an overall low question quality highlights the significance of the
study in examining how different versions of a mobile app might affect visitors’ question-
asking quality. The low question-asking quality could be attributed to several reasons. For
instance, the prevalence of basic information questions suggests that participants may have
lacked deeper engagement or curiosity about the exhibit content. They may have been more
focused on seeking factual details rather than exploring the concepts or ideas presented in
the exhibits. The scarcity of high-level wonderment questions indicates a limited use of
critical and divergent thinking skills among the participants. This could be due to various
factors, such as a lack of prior knowledge or experience, insufficient motivation or interest
in engaging with the exhibits, or a lack of guidance or prompts within the app to encourage
higher-level questioning. The results of low overall question-asking quality underscore the
importance of developing customized mobile apps or scaffolding tools to facilitate higher
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question-asking quality and performance among museum visitors with distinct demo-
graphic backgrounds.

For RQ2, we investigated visitors’ question-asking quality using the two modes of the
Dr. D app across two different museum sites. We found that visitors’ question-asking qual-
ity did not have a substantial difference depending on the app mode they used in a non-
linear interactive exhibit. However, at a linear, non-interactive exhibit, visitors who used
Game Mode scored significantly higher in their question-asking quality than those who
used the Ask Mode. This finding suggests that using the gamified badging reward system is
not a one-size-fits-all strategy to promote high question-asking quality and it often requires
careful consideration of the learning contexts (Dichev & Dicheva, 2017; Sailer & Homner,
2020). To be specific, when learners are exposed to environments that are less interactive
in terms of stimulating curiosity and interests, a gamified mobile app might help learners
to increase their engagement by fostering extrinsic motivation. However, when the envi-
ronment itself already provides learners with an engaging and interactive experience and
expects high intrinsic motivation from the learners, the role of a gamified mobile app might
be limited. Given the fact that changing the “hardscape” (physical layout) of museum
exhibits is often costly and unrealistic, understanding how to design flexible elements (i.e.,
adding or not adding a gamified element to a mobile app) around the physical settings of
the museum becomes critical.

For RQ3, as informed by the literature, we investigated whether the cognitive factor,
instrumental factors, and socio-contextual factors could impact museum visitors’ ques-
tion-asking performance. The regression results suggest that these factors indeed have
different weights in affecting visitors’ question-asking performance. The cognitive fac-
tor represented by visitors’ epistemic curiosity had no statistically significant effect on
visitors’ question-asking performance. In contrast, instrumental factors such as the app’s
performance in answering questions, and socio-contextual factors such as group inquiry
frequency had substantial influences on question-asking performance. Visitor groups that
received more assured responses to their questions, as well as those that had a higher fre-
quency level to discuss what questions to ask the app, would normally have better question-
asking performance. More importantly, the interaction between the instrumental factor of
App mode and the socio-contextual factor of Museum layout contributed a large proportion
of the variance in explaining visitor groups’ question-asking performance. Holding other
variables constant, visitors in the Game_Non-linear condition had the highest question-
asking quality, followed by Ask_Non-linear, Game_Linear, and Ask_Linear. This finding
advances the existing research in two directions.

First, recent efforts on designing mobile apps (Paliokas et al., 2020; Zimmerman &
Land, 2022) for museums and other informal learning environments have not yet compre-
hensively considered both the socio-contextual factors and instrumental factors together.
Existing mobile apps for museums might have focused solely on instrumental factors, such
as providing information about the exhibits or offering interactive quizzes (Paliokas et al.,
2020). While these features are valuable, they may not have considered the socio-contex-
tual factors (e.g., visitor’s age group, educational background, prior knowledge, and social
dynamics within the museum) that influence visitors’ engagement and questioning behav-
iors (Zimmerman & Land, 2022). Given that this study proposed a question coding frame-
work as well as considering multiple factors influencing question-asking quality, future
researchers can draw on the framework as well as the multiple-factor perspective to evalu-
ate whether mobile apps were designed effectively to support high-level questioning across
different learning environments. To be more specific, future mobile apps should involve
features like prompts for promoting social interactions and collaborative questioning,
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access to additional resources or multimedia content, or mechanisms to provide adaptive
feedback on the quality of the questions asked.

Second, our study indicates that the performance of an app in answering visitors’ ques-
tions could largely explain visitors’ question-asking performance. For instance, when the
Dr. D. app was more successful in answering questions posed, subsequent questions asked
tended to be more high-level. This suggests that as visitors gained confidence in the app’s
ability to answer questions, they felt more comfortable asking higher-level questions. Con-
versely, if the app could not answer questions well, visitors were less likely to follow up
with more complex questions. Therefore, we suggest future efforts to further improve the
question-answering or any other designed systems of mobile technologies since an app’s
performance and its feedback could profoundly influence learners’ question-asking per-
formance. Future research should consider providing more personalized feedback and
matched responses to visitors’ questions or requests, designing a more intelligent system
that could support deeper inquiry and reasoning, and scaffolding visitors’ self-directed
learning and explorations at museums or other informal learning environments.

Limitations

Although our study has yielded meaningful insights, it is important to acknowledge its
limitations. Specifically, one of the primary limitations stems from our reliance on self-
reported survey data and the log data obtained through our question-asking mobile app
without considering other data sources. In light of the advancements in wearable technolo-
gies, it would be beneficial for museum researchers to collect multi-channel data, such as
eye movement, facial expressions, posture, blood pressure, heart rate, and body tempera-
ture. Additionally, incorporating observational data could offer valuable insights. While we
aimed to gather data in a non-intrusive manner and refrained from using wearable devices
or employing observers to track visitor groups, future research could consider transform-
ing the question-asking coding scheme proposed in this study into an observational proto-
col. This approach could potentially guide museum researchers in conducting field obser-
vations or analyzing the question-asking behaviors of visitor groups as they engage with
exhibits. Future studies could be improved by including more data sources to triangulate
findings, especially to enhance the validity and reliability in measuring museum visitors’
question-asking quality and performance. Second, we were not able to collect question-
asking data in the control conditions where visitors explored the exhibits without using our
mobile app. Caution should be taken when emphasizing the effect of a question-asking app
in fostering visitor engagement in museums compared with regular museum visits with no
app in hand. Future efforts may need to further investigate the potential effects of using
a question-asking app versus not using it. Third, the research presented here is an early
attempt at incorporating science and engineering practices (in the form of asking ques-
tions) into museum education. While focusing merely on question-asking may initially be
considered a limitation for the generalizability of this work, we feel that our study offers up
a new opportunity and opens new avenues for educational designers and researchers. We
encourage future works to think deeply about the role of question-asking in one’s learn-
ing by comprehensively examining the factors that could mediate question-asking quality
and performance, and to collaborate on developing and implementing new technologies to
engage learners of diverse backgrounds in more science and engineering practices (e.g.,
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analyzing and interpreting data; constructing explanations; engaging in argument from evi-
dence; obtaining, evaluating, and communicating information) that builds on their abilities
to ask questions.

Conclusions

In conclusion, the findings of our study have both theoretical and practical implications. In
terms of the theoretical implications, our study conducted a systematic review of question-
asking mechanisms and examined a wide range of factors that could influence question-
asking performance. This may point future researchers in a direction that comprehensively
considers cognitive, instrumental, and socio-contextual factors when conducting research
or making design decisions in informal settings. For the practical implications, we believe
that the question coding scheme derived from our data analysis process can make a signifi-
cant contribution to the practice of museum education and informal learning. We foresee
that future researchers can directly apply our coding schema to analyze question-asking
quality and associate it with different levels of cognitive engagement in informal learning
spaces. We also anticipate future works to easily adapt our coding scheme into guiding
protocols or principles that would potentially support field observations or the design of
new mobile apps which focus on analyzing questions or developing an intelligent, auto-
mated question analyzing and responding system. Given how previous work has noted the
difficulty of obtaining a large number of knowledge-based questions from students under
ordinary formal school circumstances, we also believe that our investigation of question-
asking quality and the relevant factors for museum visitors’ question-asking performance
may help shed light on question-asking research in different learning environments, formal
or informal.

Appendix A

How the Tier is Defined in Our App’s Response System.

Examples App reaction Tier (how certain the
app responds to the
Qs)

Q: What is stardust? Our app directly answers the question 1 (perfect match)

Our app: Stardust was designed to catch
comet dust and pre-solar interstellar
materials and return them safely to
Earth

Q: How many stars in the sky? Our app reinterprets the question, with 2 (close match)
Our app: If you were asking “How many  an answer provided

stars in the galaxy?” The answer is:

Current estimates suggest that there

are 200 billion stars in the Milky Way

galaxy
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Examples App reaction Tier (how certain the
app responds to the
Qs)
Q: What makes a wave? Our app raises two seemingly relevant 3 (partial match)
Our app: Sorry, I don’t understand. Did questions with hyperlinks to their
you mean to ask: answers

“What is a wave?”
“What makes a tornado?”

Neither of these
Q: Did the dinosaurs die from a meteor? Our app replies that it has not yet 4 (no match)
Our app: Oops! I haven’t learned that learned that information and provides

yet. But did you know: Volcanoes the user with a random science fact

are built by the accumulation of their from its database

own eruptive products — lava, bombs
(crusted over ash flows), and tephra
(airborne ash and dust)

Note that users could indicate that none of the alternative questions suggested by the
app represent their originally posted questions by tapping “seems wrong” when viewing
the answer screen, which allowed the research team to keep improving the Q&A database.
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