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Abstract

Applying artificial intelligence (AI) to support science learning is a prominent aspect

of the digital education revolution. This study investigates students’ interaction and

learning with an AI book, which enables the inputting of questions and receiving of

suggested questions to understand biology, in comparison with a traditional E-book.

Students (n¼ 16) in a tertiary biology course engaged with the topics of energy in

cells and cell signaling. The AI book group (n¼ 6) interacted with the AI book first

followed by the E-book, while the E-book group (n¼ 10) did so in reverse. Students

responded to pre-/posttests and to cognitive load, motivation, and usability ques-

tionnaires; and three students were interviewed. All interactions with the books
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were automatically logged. Results revealed a learning gain and a similar pattern of

feature use across both books. Nevertheless, asking questions with the AI book was

associated with higher retention and correlated positively with viewing visual rep-

resentations more often. Students with a higher intrinsic motivation to know and to

experience stimulation perceived book usability more favorably. Interviews revealed

that posing and receiving suggested questions was helpful, while ideas for future

development included more personalized feedback. Future research shall explore

how learning can be benefitted with the AI-enriched book.

Keywords

digital textbooks, artificial intelligence, biology learning, motivation, usability, cogni-

tive load

Digital learning environments are becoming a typical feature of contemporary
education. Recent studies indicate a potential learning benefit of incorporating
artificial intelligence (AI) to support science learning with digital tools. Such
approaches are promising where students are required to understand ever-

growing rich knowledge domains, such as biology (e.g., Corbett et al., 2010).
In this context, one direction is to employ inquiry learning (Linn et al., 2014) to
develop digital resources that embed biology knowledge in combination with an
opportunity to receive answers generated by AI reasoning systems to inputted
questions.

Despite the pedagogical promise of digital learning environments, one should
keep in mind that the intended users are humans. Hence, a meaningful balance
needs to be sought between offered digital affordances and independent human
learning, which often requires self-regulation skills, and in turn, may impose a

higher risk of cognitive overload (cf. Aleven et al., 2003). Furthermore, one
potential pedagogical danger of embracing the digital revolution without
research-informed strategies is that changes in presentation medium (e.g., the
digital learning environment) without meaningful changes in learner activity
does not necessarily equate to enhanced learning (Glover et al., 2016). At the

same time, the development of digital resources for learning science is progress-
ing at a far swifter rate than the research required to ascertain their educational
strengths and restrictions. Therefore, this study aims to contribute to the grow-
ing body of research on opportunities and challenges of adaptive educational
technologies by exploring students’ interaction, learning and experience with

two versions (AI book and traditional E-book) of a digital biology textbook.

2 Journal of Educational Computing Research 0(0)



We analyze university students’ engagement and patterns of activity with the
afforded features of the digital learning environments and observe any learning
gain, motivation, cognitive load, usability, and experiences after using both
book versions. The study was conducted as part of a biology course at
Stockholm University in Sweden, and aims to contribute to knowledge about
the educational benefits and limitations of adaptive digital textbook learning
environments.

Theoretical Background

Adaptive Interactive Environments for Supporting Learning

Interactive learning environments are envisaged to enhance learning by offering
support such as through hyperlinks or glossaries (cf. Aleven et al., 2003). In
addition, recent technologies allow for the implementation of various feedback
strategies aimed to assist students’ learning (e.g., Ai, 2017; Lavolette et al.,
2015). Since such support is often provided upon student demand, benefitting
from adaptive features requires self-regulation skills (cf. Aleven et al., 2003).
Furthermore, given that help-seeking behavior can be crucial for the develop-
ment of learners’ abilities (Newman, 1994), it is most important to investigate
the strategies and conditions that maximize its efficiency (Aleven et al., 2003).
Therefore, although providing support based on students’ unique requests can
improve the accuracy of the offered help, at the same time, this may impose high
cognitive demands that renders the help ineffective (e.g., Renkl, 2002; also see
Sweller, 1999).

Implementing effective strategies for successful use of self-paced electronic
tools for learning is a significant challenge in digitally mediated education
(Arroyo et al., 2014). In the context of physics, DeVore et al. (2017) have
reported that many students experience deficiencies in motivation, self-
regulation and time management when using self-paced electronic tools on
their own. Hence, there is an urgent need to develop approaches for helping
students to learn more effectively with self-paced environments. In this regard,
DeVore et al. (2017) propose a theoretical framework that includes both internal
and external characteristics of the tool and the user. Since many digital learning
tools focus on internal characteristics of the user (e.g., preknowledge) or the
ways the tool addresses the intended knowledge to be learned, DeVore et al.
(2017) call for also reflecting upon external characteristics that focus on explor-
ing students’ interaction with the tool features.

An example of a tutoring system for mathematics representing a novel adap-
tive learning technology is MathSpring (Arroyo et al., 2014). The novelty of the
system lies in addressing not only cognitive challenges in learning mathematics
but also affective and metacognitive components of learning. The environment
provides students with scaffolds based on multimedia learning theory (Mayer,
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2014) and Vygotsky’s zone of proximal development in support of building
students’ understanding (Murray & Arroyo, 2002). In addition, the system
not only provides cognitive support but also offers affective and motivational
support through learning companions that provide feedback on students’ emo-
tions when their engagement and progress decreases. Research on the system
showed that this holistic approach led to improved performance in mathematics
and an increase in students’ engagement, especially for low-achieving learners
(Arroyo et al., 2014).

Inquiry Learning Approaches for Supporting Learning With AI-Generated
Guidance

Recent trajectories for improving science learning are in the form of computer-
guided inquiry approaches for motivating and sustaining students’ learning pro-
cesses (Linn et al., 2014). Inquiry learning can be described as learning through
exploring, discovering, and asking questions that requires students to take ini-
tiative for their own learning process (De Jong, 2006). In application of this
premise, personalized, computer-based guidance may support deeper learning
and motivate learners to place increased effort into understanding and analyzing
complex scientific content (Linn et al., 2014). Recent work on adaptive systems
that offer the opportunity to ask and select recommended questions have
been shown to increase students’ engagement with content (e.g., Zhang &
VanLehn, 2017).

How to best implement automated guidance that is applicable to all students
remains a burning question (Linn et al., 2014). In this regard, investigations
show that some types of guidance can be more beneficial for some students
than for others. For example, in a study by Ryoo and Linn (2016), 294 pupils
aged 12 to 13 years received directive guidance or reflective guidance while cre-
ating a concept diagram about energy flow. Directive guidance provided direct
information about how to improve the diagram, while reflective guidance
encouraged students to revisit learning materials and explore how to improve
the diagram on their own. Results showed that both types of automated guid-
ance improved learning, yet reflective guidance was more effective in improving
students’ deeper understanding of the learned phenomena. Furthermore, the
findings suggest that reflective guidance may also support the development of
self-monitoring practices (Ryoo & Linn, 2016). It follows that fostering meta-
cognitive skills seems to be a crucial aspect of optimizing learning with interac-
tive and automated learning environments. In studying such environments,
logging data are sometimes used to obtain information on students’ actual
interaction with a digital tool (e.g., Ben-Zadok et al., 2009; Greiff et al.,
2016). Log file analysis of number and time spent on various events can
even help predict students’ patterns of engagement (Beck, 2004; Cocea &
Weibelzahl, 2007).

4 Journal of Educational Computing Research 0(0)



Self-Regulation, Motivation, and Cognitive Load in Relation to Interactive

Learning Environments

Acquiring self-regulation skills is crucial for learning with digital tools

(cf. Steffens, 2006). Zimmerman and Schunk (2001) relate self-regulated learning

to the degree to which learners participate actively in their own learning at the

metacognitive, motivational, and behavioral level. Paris and Winograd (2003)

describe self-regulated learning as a process in which learners approach prob-

lems, apply strategies, monitor their performance, and assess the results of their

efforts. Technology-enhanced learning environments should support self-

regulated learning by helping students to plan, monitor, and evaluate the

cognitive, motivational, and affective components of their own learning

(Steffens, 2006).
Self-regulated learning is a complex process, which, according to cognitive

load theory (Paas et al., 2004) can be very demanding. Cognitive load is a

multifaceted phenomenon related to an individual’s experienced mental effort

or perceived difficulty when learning (Paas, 1992). When the cognitive load

associated with a task exceeds the learner’s working memory capacity, mean-

ingful learning is inhibited. One way of preventing learners from experiencing

cognitive overload is to design learning environments that promote

meaningful learning by reducing the processing of extraneous information (cf.

Hegarty, 2004).
According to Ryan and Deci (2000), intrinsic motivation arises from within

an individual and results in learning for the sake of internal satisfaction. A

significant body of research reveals the influence of intrinsic motivation on

learning outcomes. Among other factors, intrinsic motivation is related with

cognitive engagement (Walker et al., 2006), persistence when facing academic

challenges (Boyd, 2002), creativity (Moneta & Siu, 2002), information literacy

self-efficacy (Ross et al., 2016), and increases in academic performance

(Vallerand et al., 1992).

Multimodal Communication of Molecular and Cellular Biology in Textbooks

Molecular and cellular biology is inherently complex and rooted in diverse

disciplines ranging from pure sciences such as chemistry and physics through

to applied sciences such as medicine and agriculture. A large proportion of

molecular and cellular biology relates to clusters and networks of processes,

which in turn emerge as complex webs of biochemical and biophysical phenom-

ena. Novice students choosing to specialize in this scientific area face the chal-

lenge of synthesizing information by building useful mental models and

conceptual links between scientific phenomena communicated at various levels

of abstraction and biological organization (Sch€onborn & Anderson, 2010).

Mechanisms for connecting biological processes in a textbook include (a)
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referring to the other process, often in a different chapter or section where it is

described in detail; (b) using visual representations to describe and connect

complex events; (c) connecting different levels of abstraction and organization

by combining various visual representations such as chemical formulae and

mechanisms, instrumental outputs, schematic diagrams, illustrations, and pho-

tographs, as well as animations and dynamic representations; and (d) combining

different modes of information presented textually, pictorially, and auditorily.

Biology textbooks are rich in visual representations and often include graphic

supplements in the form of electronic resources (Tibell & Rundgren, 2010).

Visual representations are used as a pivotal source of communication, modeling

and analysis (e.g., Kozma, 2003). The interpretation of visual representations in

biology depends on prior knowledge in the domain, familiarity with and com-

plexity of the representation, and the symbolism used in the representation

(Sch€onborn & Anderson, 2010; Tibell & Rundgren, 2010).
Considering this, building mental models of complex and abstract biological

phenomena could be simplified by using AI-enriched learning environments,

capable of connecting biological processes with an adaptive question-

answering capability. In this regard, the digital textbook investigated in this

study is an example of an implemented AI-based question-answering system

that links different knowledge representations to support the learning of biology

(see Chaudhri et al., 2013).

Objective of the Study and Research Questions

Growing empirical research on educational computing environments elucidates

that there is no one “silver bullet” solution that is optimal for all learners that

satisfies all educational contexts and content areas. Each environment presents

respective opportunities and challenges. For example, while multiple interactive

features may induce cognitive overload, more independent learning requires

increased levels of self-regulation. In this regard, the rationale behind our

research approach is to investigate differences between two presented digital

learning environments in relation to observing any changes in student interac-

tion and learning. In this article, learning activities are defined as students’

engagement and interaction with the features of the E-book or AI book for

the purpose of learning. The aim of this study is to investigate students’ inter-

action, learning, and experiences with an AI book and E-book version of a

digital biology textbook. More specifically, the posed research questions are

as follows:

• How does engaging with an AI-enriched versus E-book digital textbook envi-

ronment influence students’ interaction activity patterns and biology

learning?
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• How does students’ motivation, perceived cognitive load and usability per-

ception relate to learning from the AI-enriched versus E-book digital

textbook?

Methods

Digital Textbook Learning Environments Investigated in the Study

This study concerns two versions of a digital textbook (Chaudhri et al., 2013) for

use on an Apple iPad: an E-book version and AI book version called Inquire

Biology. Both versions are based on the international biology textbook Life: The

Science of Biology (Sadava et al., 2012), a widely used textbook in senior sec-

ondary school and tertiary courses. Although both versions allow students to

highlight text, link to figures and animations, generate electronic notes, and

access-related questions via a glossary, the AI book is additionally enriched

by AI-based features. These features include a 5,000-concept knowledge base

and algorithms that generate answers to inputted questions (see Figure 1). The

AI book offers the possibility to ask questions and receive suggested questions

by typing a question directly into a dialog box, by highlighting text, or by

engaging an answer page. By asking questions, AI book users gain access to

answers to the questions, a feature which is not available in the E-book version

(see later). In summary, both the E-book and AI book contain the same bio-

logical content that is presented through a digital tablet medium. However, the

AI-enriched digital book includes the feature of asking questions and receiving

AI-generated answers (see Table 1).

Description of the AI Version of the Book. In comparison with the E-book version,

the AI version provides additional interactive features that offer students the

possibility to ask questions and receive suggested questions in order to better

understand the relationships between biological concepts. Multiple aspects of AI

technology are integrated into the AI version of the book that consist of a

formal knowledge representation of the book content, algorithmic methods

for answering questions, and natural language processing techniques to interpret

inputted questions and generate answers and suggested questions (Chaudhri

et al., 2013).
A student can ask questions in three ways. First, a question can be typed into

a free-form dialog box, from which the AI book computes the closest questions

that it can answer and provides the user with a choice for selecting the best

match among them. Second, in response to the student manually highlighting

book text, the most relevant questions that can be answered related to the

selection are displayed. Third, the AI version of the book suggests questions

for further exploration with each page that contains an answer. Questions can
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be broadly categorized into those that probe a definition, a structure, a function,

a comparison, or a relationship.
Figure 1 displays an example screenshot of the textbook interface display of

the AI version of the book together with the following accompanying book

features:

1. The toolbar provides a table of contents, an index to concept summaries, and

navigation history. Students can ask a question at any time by tapping the

“looking glass” icon.
2. Within the text, biology terms are automatically linked—students can tap on

an underlined term to view a popup definition or to navigate to more infor-

mation by tapping on “MOREVR .”
3. Students can highlight text, where each highlight serves as an anchor for a

note card or list of questions related to the highlighted text.

Figure 1. Screenshot of the Interface of the AI Version of the Book Showing AI-Based
Opportunities to Ask Questions (1) and Receive Suggested Questions From Pop-Up
Definitions (2) or Based on Text Highlighting (3).
Note. Text and figures from LIFE (11th Edition) by David E. Sadava, David M. Hillis, H. Craig
Heller and Sally D. Hacker. Copyright !2017 by Macmillan Learning, Inc. Reprinted (used) by
permission of Macmillan Learning, Inc.
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Table 1 provides a description and terminology of the AI book and E-book

features and functionalities. In addition, descriptions of the integrated AI book

features are provided in relation to the visual depiction in Figure 1.

Study Setting and Participants

The study was conducted at Stockholm University, and integrated as part of an

introductory Biology course. Enrolled students represented various educational

domains ranging from preservice physical education and subject-specific teach-

ing programs to teacher education and freestanding degree programs. From 24

students enrolled in the course, 20 persons interacted with the AI version of the

book, 16 persons interacted with the E-book version, and 17 students took part

in at least one of two posttests. Students were awarded bonus course credits for

their participation in the study. All participants had the possibility to interact

with both book versions: 2 days of possible interaction with the AI version and

2 days of possible interaction with the E-book version. Participants were

assigned to two groups: the AI book group, which learned from the AI book

the first 2 days, followed by the E-book for the next 2 days and the E-book

group, which learned from the E-book the first 2 days, followed by the AI book

for the next 2 days.

Instruments and Measures

Prior to the experiment, students answered a pretest consisting of 40 questions

(27 multiple choice and 13 open questions) to measure their preknowledge of

two biological topics, namely “Energy metabolism of the cell” (hereafter termed

Energy) and “Cell signaling” (hereafter termed Signaling). After each respective

learning session, participants completed a posttest containing the same ques-

tions as the pretest but administered in a different question order and with some

of the original closed items requiring an explanation for a stated answer. This

was followed by a 10-item usability questionnaire (SUS, Brooke, 1996) and two

self-rated cognitive load questions (i.e., “Rate how difficult you found it to work

with the digital book” and “Rate how much mental effort you invested in work-

ing with the digital book”; see Paas et al., 2003).
At the close of the study, students completed the Academic Motivation Scale

(AMS-C 28, college version; Vallerand et al., 1992), consisting of 28 questions

and seven scales. In this study, we focused on three motivation scales measuring

intrinsic motivation: intrinsic motivation to know (learning for the pleasure of

exploring, obtaining new information, intellectual curiosity), intrinsic motiva-

tion toward accomplishment (experienced when students focus on a process of

achieving goals rather than a learning outcome, finding satisfaction in attempts

to get recognition), and intrinsic motivation to experience stimulation (engaging

in study for the sake of experiencing emotion, excitement, fun, and sensory/

Ko�c-Januchta et al. 11



aesthetic pleasure; Vallerand et al., 1992). Reliabilities of the scales were mea-

sured with Cronbach’s alpha (Table 2).
Interrater agreements for the open questions were 96% and 92% for the

pretest (consisting of version A and B, respectively, where both versions con-

tained the same 13 open questions), 95% for the energy posttest (13 items

required an open answer) and 97% for the signaling posttest (11 items required

an open answer). Raters assessed the level of comprehension in the open ques-

tions, while the multiple-choice questions indicated the level of retention.

Retention is defined as the recall of factual information and knowledge, while

comprehension is the manifestation of a deeper understanding, such as the abil-

ity to explain concepts using one’s own words (e.g., Dunlosky et al., 2013).

Data Collection and Analysis

A week before the start of the study, students were provided with information

about the project and presented with some background to the development and

features of the AI-based textbook in focus. On the same day, students filled in a

consent form agreeing to participate in the study and to use their responses for

research purposes. They also answered a question regarding their university

entrance score and completed the pretest on energy and signaling.
A week later, students were assigned to one of two groups: either the AI

group, which learned from the AI book first, followed by the E-book, or the E-

book group, which learned from the E-book first, followed by the AI book.

Purposive sampling was applied to yield two groups that were balanced in terms

of number of participants, gender, pretest scores, and educational domains.

Each group engaged with each version of the book in a different order so

that both biology topics (Energy and Signaling) could be learned either from

the AI book or from the E-book. In this way, we could link any differences

Table 2. Reliability of the Scales Administered in the Study.

Scale/measure

Cronbach’s

alpha

Number

of items

Number of

observations

(participants)

Posttest energy (multiple choice) .71 13 17

Posttest signaling (multiple choice) .68 14 16

Usability (questionnaire administered twice) .87 20 16

Motivation: intrinsic motivation to know .61 4 16

Motivation: intrinsic motivation

toward accomplishment

.40 4 16

Motivation: intrinsic motivation

to experience stimulation

.82 4 16
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between the AI group and E-book group to the type of digital book (AI-

enriched vs. E-book) rather than to the learning topic. A further reason for

having the groups experience the digital books in a different sequence was to

avoid order effects through counterbalancing (e.g., Brooks, 2012).
Participants were each supplied with an Apple iPad containing either the AI

book or E-book version of the learning environment. At the beginning of the

session, participants were provided with a demonstration about the features and

functions of each book version (AI book vs. E-book) that they were about to

interact with. The learning session only commenced once all students were sat-

isfied with where to locate, access, and how to engage the available book

features (Table 1). Each group worked in separate locations. During the first

2-day learning session, students were tasked with learning about energy (book

Chapter 9). At the start of the second 2-day learning session, students swopped

book versions (from AI book to E-book and vice versa), and the process repeat-

ed. During this learning session, students were tasked with learning about sig-

naling (book Chapter 7).
During each of the 2-day learning sessions, students had the possibility to

interact with the iPads containing the respective digital learning environment for

5 to 6 hours daily. Students were free to use as much of this time for learning as

they desired. Each of the two learning sessions closed with students answering

the posttest, usability, and cognitive load questionnaires. On the final day of the

study, students also completed the motivation questionnaire. Student volunteers

were interviewed 3 months after the study about their perceptions of engaging

with each version of the digital book as well as to gain qualitative insight related

to their scores on the measures.
The analytical procedure comprised implementing t tests and a mixed-design

analysis of variance, comparisons of means, correlations, as well as a qualitative

thematic analysis of the interviews. Independent samples t tests were used to

compare preknowledge scores between the AI and E-book groups. In consider-

ation of recently emerging criticism of applying null hypothesis statistical sig-

nificance testing (Baker, 2016; Cumming, 2014) in human–computer interaction

research (Besançon et al., 2016; Dragicevic, 2016), we report mean score

comparisons between learning gain, usability perception and cognitive load

using estimation techniques that adopt effect sizes in terms of the measured

difference of means and confidence intervals (CIs) rather than p values.

Although we view this as an informative method to present the comparisons,

a p-value-approach of interpreting the results is still possible by comparing the

CIs spacing with common p-value spacing (cf. Krzywinski & Altman, 2013).

Pearson’s correlation coefficients were calculated to discover linear relations

between study variables. Finally, a qualitative thematic approach (Mayring,

2000) was used to categorize students’ experiences with the books from the

interviews.

Ko�c-Januchta et al. 13



Results

The groups were initially equal in terms of number of participants (N¼ 10 in

each group), and there was no significant difference in preknowledge—AI

group: M¼ 6.60, SD¼ 4.06; E-book group: M¼ 7.70, SD¼ 4.72, t(18)¼�.56;

p¼ .583. Some students ceased their participation during the study, meaning

that 16 participants are analyzed (AI group comprised N¼ 6 (33.3% female)

and the E-book group N¼ 10 (70% female). Again, there was no significant

difference on preknowledge mean scores between the two final groups—AI

group: M¼ 8.33, SD¼ 3.56; E-book group: M¼ 7.70, SD¼ 4.72, t(14)¼ .28;

p¼ 782.
Since the intrinsic motivation toward accomplishment scale, extrinsic moti-

vation external regulation scale and amotivation scale (measuring a level of

feeling discouraged toward studying), yielded a low reliability, they were exclud-

ed from the analyses. The two cognitive load questions yielded a low Cronbach’s

alpha, which suggested that each of them measured different aspects of cognitive

load. Therefore, we treated analyses of each of the two questions separately.

Interaction and Biology Learning With the AI-Enriched Versus E-Book

Textbook

Students’ Logged Interactivity When Learning With the AI and E-Book Versions. Subject

count and time spent on learning was calculated separately for each biology

topic (energy versus signaling) and each version of the learning environment (AI

vs. E-book version). The average (per person) total time of using the iPads (in

hours) was significantly higher in the case of the E-book (total mean time for E-

book, M¼ 9.15; mean time for Energy: M¼ 8.82, and mean time for Signaling:

M¼ 9.71) than in case of the AI book (total mean time for AI book, M¼ 7.85;

mean time for Energy M¼ 8.57, and mean time for Signaling M¼ 7.42), F

(1,14)¼ 5.29; p¼ . 037; g2¼ .27.) The total time of using the iPads indicates

the duration that the iPads were active, including events such as starting or

stopping the book application. For further analyses of students’ real-time inter-

action with the books, we selected events that we regarded most meaningful

from a learning process point of view. We refer to the time of using iPads during

these events as active time. Table 3 summarizes action count and active time

duration for selected interactive events with the books.
In both versions of the book three activities emerged as being most engaged

by students, namely: created highlight, open page (reading), and open image/

cmap (viewing pictures and visual representations). The fourth highest activity

was associated with the AI version in the form of viewed glossary popup (reading

short definitions of the term), while in the E-book version the fourth most used

activity was edited note card (generating electronic notes in the margin) and open

glossary page (accessing a glossary of definitions). Students made little use of AI

14 Journal of Educational Computing Research 0(0)



T
a
b
le

3
.
A
ct
io
n
C
o
u
n
t
(a
n
d
A
ct
iv
e
M
in
.
D
u
ra
ti
o
n
)
fo
r
In
te
ra
ct
iv
e
E
ve
n
ts

fo
r
2
D
ay
s
Sh
o
w
in
g
th
e
A
ve
ra
ge

p
e
r
P
ar
ti
ci
p
an
t.

A
ct
io
n
co
u
n
t
A
V
E
R
A
G
E
p
e
r
p
e
rs
o
n
(a
ct
iv
e
ti
m
e
d
u
ra
ti
o
n
in

m
in
.
A
V
E
R
A
G
E
p
e
r
p
ar
ti
ci
p
an
t)

A
I

E
-b
o
o
k

In
te
ra
ct
iv
e
ev
e
n
t

E
n
e
rg
y

A
ct
io
n
co
u
n
t

(t
im
e
)
/
1
0

Si
gn
al
in
g

A
ct
io
n
co
u
n
t

(t
im
e
)
/
1
0

E
n
e
rg
y

A
ct
io
n
co
u
n
t

(t
im
e
)
/
1
0

Si
gn
al
in
g

A
ct
io
n
co
u
n
t

(t
im
e
)
/
6

A
sk
e
d
q
u
e
st
io
n

3
.7

(0
.4
8
)

4
.5

(0
.7
3
)

N
A
a

N
A
a

A
sk
e
d
q
u
e
st
io
n
(b
lu
e
SQ

ca
rd
)

4
.2

(0
.2
4
)

1
.9

(0
.1
2
)

N
A
a

N
A
a

A
sk
e
d
q
u
e
st
io
n
(S
Q

lin
k
)

1
.8

(0
.1
3
)

0
.4

(0
.0
5
)

2
.8

(0
.1
6
)

2
.1
7
(0
.1
3
)

C
re
at
e
d
h
ig
h
lig
h
t

5
9
.9

(0
.0
7
b
)

6
2
.8

(0
.0
6
b
)

1
1
4
.2

(0
.0
7
b
)

5
9
.8
3
(0
.0
5
b
)

E
d
it
e
d
n
o
te

ca
rd

4
.5

(0
.2
7
)

9
.4

(0
.2
5
)

2
6
.4

(3
.1
5
)

4
.1
7
(0
.3
3
)

O
p
e
n
an
sw

e
r
p
ag
e

1
0
.2

(5
.8
8
)

8
.1

(3
.7
1
)

2
.6

(1
.2
9
)

4
(3
.1
1
)

O
p
e
n
gl
o
ss
ar
y
p
ag
e

1
2
.1

(4
.9
6
)

8
.1

(3
.0
4
)

2
2
.2

(7
.3
6
)

8
.8
3
(3
.3
2
)

O
p
e
n
im
ag
e
/c
m
ap

3
0
.4

(1
7
.9
5
)

2
0
.6

(2
3
.1
8
)

2
3
.9

(2
0
.7
7
)

3
8
.1
7
(3
9
.9
7
)

O
p
e
n
p
ag
e

5
3
.7

(6
6
.0
7
)

4
4
.3

(6
6
.7
3
)

7
9
.1

(1
1
5
.4
5
)

6
3
.1
7
(8
3
.4
4
)

V
ie
w
e
d
gl
o
ss
ar
y
p
o
p
u
p

5
2
.9

(3
6
.5
9
)

2
4
.1

(3
5
.0
8
)

N
A
a

N
A
a

To
ta
l

2
3
3
.4

(1
3
2
.6
4
)

1
8
4
.2

(1
3
2
.9
5
)

2
7
1
.2

(1
4
8
.2
5
)

1
8
0
.3
4
(1
3
0
.3
5
)

N
ot
e.
A
I¼

ar
ti
fic
ia
l
in
te
lli
ge
n
ce
;
SQ

¼
su
gg
e
st
e
d
q
u
e
st
io
n
.

a
Fe
at
u
re

n
o
t
av
ai
la
b
le

in
th
e
E
-b
o
o
k
ve
rs
io
n
.

b
T
im
e
sp
e
n
t
cr
e
at
in
g
a
h
ig
h
lig
h
t.

15



features related to asking questions such as asked question and asked question

blue (SQ: suggested question) card (82 and 61 questions were posed with these

respective features during the experiment). The main types of questions students

posed requested comparisons and definitions. Finally, creating highlights, edit-

ing note card, opening image/cmap, or opening pages activities did not differ

significantly between the AI book and E-book environments. Table 4 presents

the most frequently selected questions, terms, and visual representations

obtained when students interacted with the AI and E-book versions.

Comparisons Between Groups. All students achieved a higher percentage of correct

answers in the posttest compared with the pretest (Table 5).
Learning gain was calculated as the difference between percentage of correct

answers in the posttest and in the pretest, for each of the two biology topics

(Energy vs. Signaling) and separately for the two types of knowledge measured

(retention vs. comprehension). Figures 2 and 3 display differences between

learning gains achieved when learning from the E-book versus AI version of

the textbook with respect to Energy (Figure 2) and Signaling (Figure 3).
Since the CIs depicted in Figures 2 and 3 overlap, it is evident that students

seem to achieve comparable learning gains independent of the book version that

they engaged with. Although there is no evidence of a learning gain difference

between the AI and E-book group on signaling, there may be some indications

of a difference between the AI group and E-book group on retention on energy

(two first days of the study) in favor of the E-book. The latter result requires

replication with a higher number of participants.
We also compared the mean scores on usability perception after each topic,

separately for the AI book and E-book (the usability scale ranged from 1 to 5,

with 5 indicating the highest level of perceived usability) as shown in Figure 4.
When comparing CIs depicted in Figure 4, there may be some indications of a

difference between usability perception of the E-book and AI book in favor of

the E-book after learning the energy topic (2 first days of the study). Similarly,

this result needs to be confirmed with a larger sample.
There was no evidence of any differences in cognitive load when measuring

perceived difficulty of working with the digital book (Figure 5).
There was some indication of a difference in cognitive load when measuring

students’ perceived mental effort invested in working with the book (Figure 6).

Again, this result needs further confirmation in future research.
Overall, there was no clear evidence for any difference in learning gain (reten-

tion and comprehension), usability and cognitive load between interacting with

the E-book and AI book when learning about energy or signaling. CIs depicted

in Figures 2 to 6 overlap with each other. However, in the case of learning gain

(retention) on the energy topic, usability after learning about energy, and mental

effort (for both topics), we observed that CIs were slightly more independent,
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Table 5. Pretest and Posttest Scores (% of Correct Answers) With Respect to Measured
Knowledge Type, Group, and Learning Topic.

Biology topic

Knowledge type

measured Group

Pretest/

Posttest M (%) SD N

Energy Retention AI book Pretest 39.74 15.70 6

Posttest 47.44 25.93 6

E-book Pretest 32.31 20.45 10

Posttest 53.85 19.19 10

Energy Comprehension AI book Pretest 27.45 28.92 6

Posttest 49.07 21.78 6

E-book Pretest 18.82 21.35 10

Posttest 46.30 25.17 10

Signaling Retention AI book Pretest 25.00 17.58 10

Posttest 60.00 22.89 10

E-book Pretest 22.62 12.30 6

Posttest 57.14 14.98 6

Signaling Comprehension AI book Pretest 23.00 26.27 10

Posttest 44.55 21.73 10

E-book Pretest 13.33 23.38 6

Posttest 41.67 24.63 6

Note. AI¼ artificial intelligence.

Figure 2. Learning Gains (Retention and Comprehension) Obtained When Learning About
Energy From the E-Book Versus the AI Version of the Textbook. AI¼ artificial intelligence;
CI¼ confidence interval.
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which could be interpreted as a possible difference between means. In all cases,

results need to be replicated with larger samples in to draw further conclusions.

Relationships Between Digital Book Features, Learning Gain, Cognitive Load,

Motivation and Usability

Correlation analyses (Tables 6 and 7) revealed various relationships between

usability, learning gain, motivation, cognitive load, and features available in

Figure 3. Learning Gains (Retention and Comprehension) Obtained When Learning About
Signaling From the E-Book Versus AI Version of the Textbook. AI¼ artificial intelligence;
CI¼ confidence interval.

Figure 4. Usability When Learning About Energy and Signaling Using the E-Book Versus AI
Version of the Textbook. AI¼ artificial intelligence; CI¼ confidence interval.
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Figure 5. Students’ Perceived Difficulty Rating of Engaging With the E-Book Versus AI
Version of the Textbook as a Measure of Cognitive Load. AI¼ artificial intelligence;
CI¼ confidence interval.

Figure 6. Students’ Perceived Mental Effort of Engaging With the E-Book Versus AI Version
of the Textbook as a Measure of Cognitive Load. AI¼ artificial intelligence; CI¼ confidence
interval.

Table 6. Correlations Between Usability, Cognitive Load, and Motivation in the AI and
E-Book Versions.

Intrinsic

motivation

to know

Intrinsic

motivation

to experience

stimulation

Cognitive load:

difficulty rating

of working

with AI book

Cognitive load:

difficulty rating

of working

with E-book

Cognitive load:

mental effort

of working

with AI book

Cognitive load:

mental effort

of working

with E-book

Usability (AI book) .64** .63** �.85** �.33 ns .27 ns .07 ns

Usability (E-book) .51* .03 ns �.78** �.70** .24 ns .05 ns

Note. AI¼ artificial intelligence.

*Correlation is significant at the .05 level.

**Correlation is significant at the .01 level.
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both digital books. Interestingly, although the use of features available in the AI
book was strongly intracorrelated with one another, they did not intercorrelate
significantly with the cognitive load or usability variables of the study. The most
intracorrelations were between AI features such as asked question SQ link, open
answer page, open glossary page, open image, and open page (between r¼ .46*
and r¼ .76**). In contrast, apart from open answer page correlating significant-
ly with asked question SQ link (r¼ .90**), E-book features did not significantly
correlate with each other.

Intercorrelations between usability perception and cognitive load (interpreted
as difficulty to learn with the digital book) were negatively significant, while
there were no significant correlations between usability and cognitive load (when
interpreted as mental effort). There are moderately positive correlations between
usability and intrinsic motivation to know, as well as between AI book usability
and motivation to experience stimulation. These correlations suggest that the
more difficulty participants experienced while working with the digital books,
the less usable the books were perceived. At the same time, no relationship
between mental effort invested in working with the digital books and usability
perception was revealed. A higher intrinsic motivation to know, defined as
motivation to learn that originates from intellectual curiosity, was related
with a higher usability perception with both versions of the book. In addition,
the higher a student’s motivation to experience stimulation (measured as learn-
ing for the sake of experiencing excitement and emotions), the higher the per-
ception of the usefulness of the AI book.

Moreover, intrinsic motivation to know was significantly negatively correlat-
ed with cognitive load (interpreted as difficulty in learning) when engaging with
the AI book (r¼�.52*). Motivation to know and motivation for stimulation
were positively correlated with one another (r¼ .54*)

Table 7. Correlations Between Learning Gain, Cognitive Load, and Features Available in the
AI Version of the Book.

Learning

gain:

retention

Learning gain:

comprehension

Cognitive load:

difficulty rating

of working

with AI book

Cognitive load:

mental effort

of working

with AI book

Open image/

cmap (AI)

Open

page (AI)

Asked question .51* �.06 ns �.14 ns �.18 ns .48* .13 ns

Asked question

(blue SQ card)

�.26 ns �.14 ns .39 ns .08 ns .37 ns .58**

Viewed glossary

popup

�.22 ns .14 ns .21 ns .12 ns .21 ns .30 ns

Open page (AI) �.33 ns �.55* .21 ns �.21 ns .48* —

Note. AI¼ artificial intelligence; SQ¼ suggested question.

*Correlation is significant at the .05 level.

**Correlation is significant at the .01 level.
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A moderate positive correlation between learning gain (retention) and
number of questions asked via the question panel was also shown. This infers
that asking more questions is related to a higher learning gain with respect to
retention. There were no significant correlations between the asking question
features and comprehension. Nevertheless, both types of learning gain (reten-
tion and comprehension) were significantly and positively correlated with each
other (r¼ .55*).

We found a moderate negative correlation between the number of page
accesses and learning gain (comprehension). This result suggests that opening
pages often is negatively related to a deep understanding of the material.
Opening pages was also moderately positively correlated with asking questions
via the blue card (suggested questions shown after highlighting text, cf. Figure 1
(3)). However, the number of image/cmap accesses in the AI book is positively
correlated with both the number of asked questions via the question panel and
the number of page accesses. There was no correlation between the number of
image/cmap accesses and learning gain. Hence, the relationship between the
number of asked questions and learning gain on retention does not appear to
be mediated by the number of image/cmap accesses. In addition, there was no
correlation between the number of performed highlights and learning gain. In
fact, given that students’ highlighting of word content was similar for both
versions of the book, the highlighting feature was used in a similar manner
independent of book version.

Interestingly, we observed fewer significant correlations between book fea-
tures (see Table 1) and learning gain (retention), motivation to know, and moti-
vation for stimulation for the E-book in comparison with the AI book. More
specifically, learning gain (retention) was statistically negatively related to the
number of questions asked via SQ link (r¼�.68**) and number of answer page
accesses (r¼�.71**). Furthermore, motivation to know was statistically nega-
tively correlated with number of edited note cards (r¼�.50*), while motivation
for stimulation was statistically positively correlated with number of page
accesses (r¼ .67**).

Interviews About Participants’ Experiences of Interacting With the Books

Three male student volunteers were each interviewed for approximately
35minutes. The interview protocol consisted of an introductory phase where
the interviewer told each student their usability scores obtained during the study
in order to refresh their experiences with the book versions. The main phase of
the interview focused on obtaining descriptions and opinions of engagement and
interaction with the books. The interviews were conducted via Skype, audio-
recorded and fully transcribed verbatim.

Qualitative thematic analysis of the interview transcripts revealed three over-
all themes, in turn comprising of eleven subthemes. The three overall themes are

Ko�c-Januchta et al. 23



termed positive-end themes, negative-end themes, and development-integration
themes. Positive-end themes and negative-end themes represent revealed positive
and negative attributes associated with students’ engagement with the books,
respectively. The development-integration themes elicit students’ opinions about
how features could be modified, or other features integrated to optimize learn-
ing. Table 8 presents a summary of the themes, subthemes, and corresponding
examples of students’ verbatim utterances.

Students were positive about the opportunity to receive suggested questions
through the highlighting feature in the AI book (Table 8). In addition, students
felt that interactive digital affordances such as being able to move seamlessly
through textual content and visual representations, as well as being able to
digitally highlight text and take notes in real-time supported their learning
with both environments. In contrast, the most negative aspect of students’
engagement with the AI book were opinions that effective use of the AI-based
suggested question features was associated with difficulties that included imme-
diate question relevance and question repetition. Finally, students expressed
various points of departure for future development of the book that included
further enhancement of the AI algorithm as well as more real-time feedback for
reflecting on one’s learning.

Discussion

This study investigated differences between the interactive and learning affor-
dances offered by two digital educational environments in relation to learning
gain, motivation, cognitive load, and usability. We specifically explored univer-
sity students’ interaction, learning, and experiences when using an AI versus
E-book version of a biology textbook.

Interaction and Learning With an AI-Enriched Versus E-Book Digital
Textbook Environment

Research suggests that a mere change in the affordances offered by a particular
educational computing environment does not on its own lead to better learn-
ing—such changes must be accompanied by meaningful adjustments in learners’
activity with the system (Glover et al., 2016). It follows that learning with digital
texts requires specific skills, skills often associated with the notion of digital
literacy (e.g., Gillen, 2014). Consequently, aligning learners’ activities with
enhancements in their learning must be in line with the development of
computer-based environments that motivate, nudge, and encourage students
to improve their own learning (e.g., Linn et al., 2014). In this regard, inquiry
learning approaches, often driven by the asking of questions have been shown to
improve learning by stimulating learners to increase their engagement and take
initiative for their own learning processes (e.g., Zhang & VanLehn, 2017).
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In this study, the E-book version was active for a longer time in comparison

with the AI version, a surprising finding given that more advanced digital learn-

ing environments require more time to acquire digital literacy and skills in order

to take advantage of their affordances (e.g., Bikowski & Casal, 2018). Students

in the study used the AI features such as asked question and asked question

(blue SQ card) rather sparingly (82 and 61 action counts, respectively), but

further research is required to establish what action count values merit a mean-

ingful use of these features. Furthermore, analysis of interaction patterns with

both versions of the digital book revealed that students used both versions in a

similar manner, which was dominated by accessing pages in the respective

chapters, creating highlights, and viewing visual representations. Students

often generated their own additional notes (editing note cards) or accessed the

glossary pages when interacting with the E-book version and often viewed glos-

sary pop-ups to obtain term definitions when interacting with the AI version.

Apart from the AI-enriched features of the AI version, students used the avail-

able book features similarly in both books. Moreover, content analysis of stu-

dents’ highlighted text also revealed similarities across both versions, which

indicates that students focused on similar biological content irrespective of the

offered digital support. This pattern might also be mirrored in the comparable

learning gains observed in both book versions. Similarities in the way of using

both digital books as well as the fact that students adopted learning strategies

very similar to those probably used with paper-based texts calls for more

research. Do students perhaps remain largely ill-equipped in skills for

technology-enhanced learning (Bikowski & Casal, 2018)?
In terms of learning biology with the digital textbooks, students achieved

considerable learning gains in biology knowledge regardless of the version

engaged. Results indicate that students might have been more successful in

learning about energy when using the E-book in comparison with the AI

book. Furthermore, we obtained a positively moderate correlation between

students use of the asking question facility (the question panel, Figure 1 (1))

and learning gain on retention. As shown by Aleven et al. (2003) and DeVore

et al. (2017) in other contexts, these results confirm that improving biology

learning does not solely depend on providing students with AI supported digital

books per se, but also on students’ own willingness and ability to make use of

available supportive features.
As a whole, the results indicate that students’ spontaneous and extensive use

of available AI features does not simply arise on its own, which suggests that

their use as a support for learning should be trained, stimulated, and reinforced.

This postulate supports previous findings on self-regulated learning with inter-

active learning environments and suggests that efficient inquiry learning through

features available in such environments requires scaffolding metacognitive skills

at earlier ages (Aleven et al., 2003; Bikowski & Casal, 2018).
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Relationships Between Book Features, Learning Gain, Perceived Cognitive

Load, Motivation, and Usability on Students’ Engagement With the

Digital Textbooks

Figure 7 provides an overarching visualization that captures the significant
relationships between book feature affordances, learning gain, cognitive load,

motivation, and usability from students’ interaction with the two digital book

environments.
With respect to Book features (left column), Figure 7 depicts multiple signif-

icant positive intracorrelations (solid green arrows) for the AI book in compar-

ison with the E-book (dashed green arrows; Figure 7). In fact, only a single
significant relationship within book features (a positive correlation between

Asked question [SQ link] and Open answer page) for the E-book was revealed.

The significant intracorrelated relationships revealed for the AI book (solid green
arrows in Book features column) suggests the potential of the AI-enriched envi-

ronment for stimulating interactivity when learning. In this regard, the AI book

seems to mediate learning behavior with the help of the inquiry features (cf.

Book features Learning 
gain

Cog. 
load Usabil.Mo�v.

Asked ques�on

Asked ques�on 
(blue SQ card)

Asked ques�on 
(SQ link)

Created highlight

Edited notecard

Open answer page

Open glossary page

Open image/cmap

Open page

Viewed glossary popup

DifficultyComprehension

Reten�on

Effort

To Know

S�mula�on

Figure 7. Overarching Visualization of Statistically Significant Intra- and Intercorrelations
Between Book Feature Affordances (Exclusive AI Features Bordered in Black), Learning Gain,
Cognitive Load, Motivation, and Usability Obtained From Students’ Interaction With the AI
Book (Solid Arrows) and E-Book (Dashed Arrows). Positive correlations are shown in green
and negative correlations in red. Arrow thickness represents magnitude of the relationship.
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DeStefano & LeFevre, 2007). Therefore, it appears that the ask questions features
(i.e., Asked question, Asked question [blue SQ card], Asked question [SQ link])
stimulates students to also engage other digital book features (e.g., Open image/
cmap, Open page, or Open answer page). Furthermore, asking questions via the
question panel was also found to be positively correlated with viewing visual
representations as well as with learning gain on retention. This finding gives cre-
dence to the assumption that more active learning (e.g., engendered by asking
questions through inquiry) stimulates engagement, learning (retention), and intel-
lectual curiosity (viewing visual representations; e.g., Zhang & VanLehn, 2017).
Albeit so, apart from the Asked question feature being positively correlated with
learning gain on retention, our study indicates that engaging the suite of book
features is not significantly connected with learning gain at large. In this regard,
various negative intercorrelations (red arrows) between learning gain and book
features were also revealed. Here, retention was negatively related with Asking
question (SQ link) and Open answer page with the E-book, while learning gain on
comprehension was negatively correlated with number of Open page activities
when engaging with the AI book.

The results showed the book features exclusive to the AI book version (black
line bordered features) shared no significant intercorrelation with cognitive load,
motivation, or usability. In the case of the E-book, the Open page feature was
positively correlated with motivation for stimulation, while the Edited note card
feature was negatively correlated with motivation to know. This finding suggests
that students reporting high levels of motivation to know as their motivation for
learning, tended to generate digital notes (Edited note card) less frequently,
while students seeking intellectual stimulation accessed book pages more fre-
quently. The latter result seems to confirm that motivation for intellectual stim-
ulation is related to impulsiveness (cf. Clarke, 2004). Although the findings of
the study revealed significant positive and negative interrelationships between
cognitive load, motivation, and book usability, no significant intercorrelations
connected these three variables to learning gain. At the same time, the finding
that perceived difficulty in learning with both book versions was associated with
an unfavorable usability perception of the environments indicates that design of
educational computing environments should strive to stimulate ease of use for
optimum engagement (e.g., Ayres & Youssef, 2008).

The lack of any significant correlations between AI book feature use and
cognitive load or usability indicates a need for further fine-grained studies
that measure the specific relation between these measures. Since user experience
is one of the fundamental factors that influences engagement with digital learn-
ing tools (e.g., Bikowski & Casal, 2018), the study provided collective insight
into how students experienced the type of digital environments explored here.
Herein, we found that students who scored high on motivation to know per-
ceived both versions of the book more positively, while persons with high moti-
vation to experience stimulation scales perceive the AI version of the book more
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positively. This result adds to Vallerand et al.’s (1992) findings on motivation in
education showing that individuals who study for the purpose of gaining plea-
sure from learning new knowledge tended to be positive about both book ver-
sions, while persons studying in pursuit of experiencing stimulation through
exciting ways of gaining knowledge (e.g., through opportunities to ask ques-
tions) when learning were more likely to appreciate the AI version. At the same
time, there are some indications that students perceived the E-book as more
usable than the AI book after the 2 first days of the study.

Finally, the fact that cognitive load (when interpreted as perceived difficulty
of engaging with the books) was negatively correlated with usability perception,
suggests that the AI version of the book (through being more advanced by
having additional features), might be difficult for students to engage with at
first (cf. Aleven et al., 2003; DeVore et al., 2017). Another interesting result
showed that cognitive load differences (when interpreted as perceived mental
effort required to engage with the books) were not due to use of the AI or E-
book version per se, but rather due to group differences. Again, this reaffirms
that the mere presence of novel digital affordances does not necessarily stimulate
mental effort alone; intellectual engagement also depends on the attitude and
digital skills of the learners (cf. Bikowski & Casal, 2018).

Students’ Opinions About Further Development of the Digital Book
Environment

Qualitative findings revealed that students offered multiple insights for further
potential development of the book. These included the need to refine the AI
algorithm to better align the generated suggested questions with the specific
biological content in focus, the need for more supporting information in the
form of revealed answers to chapter questions, as well as the desire for real-time
quizzes that provide direct feedback for students to reflect on while learning with
the resource (cf. DeVore et al., 2017; Linn et al., 2014; Steffens, 2006). In addi-
tion, students opined that they would have found further dynamic visual resour-
ces and representations useful, in combination with complementing the AI book
with other educational resources and activities to understand biological con-
cepts in different ways. Students also recommended that the AI-enriched fea-
tures be subjected to further trials in situ, in order to further ascertain the
pedagogical strengths and limitations of the resource. The latter is the subject
of a current study in progress at time of writing.

Conclusions, Limitations, and Future Research

In conclusion, students showed learning gains and used available book features
similarly when engaging both versions over a 4-day period. Although the pos-
sibility to ask or receive suggested questions with the AI version was used rather
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sparingly, a higher number of asking questions was related to a higher learning
gain on retention and correlated positively with viewing visual representations
more often. In addition, the overall visualized relationship between variables
explored in this work (Figure 7) demonstrates that both versions of the book
might induce different strategies for accessing content—the AI book appears to
promote much more linking to different content sections within its environment
than the E-book. However, the pronounced interlinking activity within the AI
book seemed to share no significant relationship with the observed learning
gain. This finding raises the hypothesis that use of the AI book for a much
longer period might have a more observable effect on learning.

Limitations of the study include the low number of participants as well as the
relatively short intervention period. Although both limitations restrict general-
izability, they nevertheless provide an empirical platform for upcoming inves-
tigations, where the role of the AI-based features as supportive affordances for
learning will be further explored. In this study, more intellectually curious stu-
dents liked both books but those students seeking stimulation while learning
perceived the AI version as more usable. In this regard, while students revealed
that the AI-based feature of suggesting questions based on highlighting was very
helpful for learning, they communicated various ideas for future development of
the books that expressed the need for a more personalized learning and feedback
during the learning process.

In closing, this study demonstrates that intrinsic attitude toward learning and
digital skills/literacy seem to play an important role in students’ learning effort,
perhaps even more than the nature of the technology itself. It follows that
technology-enhanced environments should support self-regulated learning by
helping students to monitor and evaluate the cognitive, motivational, and affec-
tive components of their own learning (e.g., Steffens, 2006). The findings offer
support for the notion that altering learning patterns for optimal knowledge
acquisition requires more than providing students with more digitally advanced
educational computing environments. Future research contributions should
expand exploration of how specific guidance can help regulate students’ learn-
ing, wherein the potential benefit of AI-enriched computational education
resources can be fully harnessed.
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