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Article

Since the No Child Left Behind Act was enacted in 2001, 
the usage of standardized assessments has increased tre-
mendously in the United States (Chappius & Chappius, 
2008). In spite of the dominance of standardized assess-
ments in the education system, researchers have expressed 
concerns about their educational effectiveness in the 21st 
century. First of all, while learning sciences show that 
acquiring new knowledge occurs and is demonstrated in 
certain genuine contexts both pedagogically and cogni-
tively, most standardized assessments tend to separate 
“assessing” from “learning” (Shute & Moore, 2017). Not 
being able to provide the genuine learning environment 
and tools (Pellegrino et al., 2001) that are usually available 
to students in the daily learning context might yield invalid 
and inaccurate evaluations of students’ learning abilities. 
Second, educators and researchers also show concerns that 
the information gained from standardized assessments is 
not efficiently used for adjusting or improving teaching or 
learning (Symonds, 2004; Wiliam & Thompson, 2007), 
which means they are “assessments of learning” instead of 
“assessments for learning” (Shute & Kim, 2014). In partic-
ular, Symonds (2004) emphasized that not using data 

efficiently to inform instruction was a problem for schools 
who were not successful in closing the achievement gap. 
Also, standardized assessments often take place at the end 
of major chunks of time such as the end of a semester, 
which makes it difficult for the teachers to react and adjust 
their teaching plans in a timely manner. This problem of 
not being able to collect students’ progress data and react in 
time contributes to the difficulties schools may have in 
closing achievement gaps.

Given the disadvantages of commonly practiced stan-
dardized summative assessments, educators have called for 
more formative assessments to better support learning, 
teaching, and informing effective interventions. Stealth 
assessment is an assessment approach which embraces the 
concept that the boundary of “assessing” and “learning” 
should be blurred and the goal of the assessment should be 
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to encourage and support, not undermine, the learning pro-
cess (Shute & Kim, 2014). Stealth assessment, as a unique 
practice of formative assessment, is defined as a perfor-
mance-based assessment approach to measure how stu-
dents are progressing while achieving targeted educational 
goals (Shute & Ventura, 2013). Embedded in highly interac-
tive educational game environments, Shute and colleagues 
(2016) have successfully implemented stealth assessment to 
accurately and reliably monitor and evaluate students’ 
learning progress while maintaining task flow and provid-
ing feedback to support learning. So far, stealth assess-
ments have been only applied in educational games aimed 
to develop students’ higher-order thinking skills and prob-
lem-solving skills; it has not been explored yet whether or 
how stealth assessment can be successfully utilized to 
assess literacy skills and improve literacy interventions in 
this digital era.

The increasingly interactive nature of digital reading 
platforms, such as e-books and story applications, provide 
the technical foundation to implement stealth assessment in 
such environments. With the embedded interactive features, 
digital literacy environments allow for collecting informa-
tion from the readers and provide options of content and 
individualized support (McEneaney, 2006). In return, read-
ers can actively choose their preferred content (Bryan et al., 
2003), monitor their comprehension (Boteanu et al., 2016), 
or seek help when necessary (Walker et al., 2017). To this 
end, this study aims to explore the potentiality of using 
interactive e-books, as a practice of stealth assessment to 
track students’ reading processes and predict word knowl-
edge and strategic reading outcomes. Reading processes 
and behaviors are referred to the way through which stu-
dents interact with the WKe-Book while digitally reading, 
and learning outcomes are referred to learning of the liter-
acy skills targeted by the WKe-Book: building word knowl-
edge and strategic reading skills. Using the variables 
gleaned from the user log data of WKe-Book (Connor et al., 
2019) where all user activities are recorded automatically, 
we sought to identify which of those variables can serve as 
in-system indicators of the learning outcomes. The empiri-
cal evidence from this study contributes to the literature by 
exploring the possibilities of expanding stealth assessment 
into the digital literacy setting and shedding light on inter-
active e-book design as an effective literacy intervention 
and assessment tool.

Stealth Assessment and In-System 
Indicators

As mentioned previously, stealth assessment has been suc-
cessfully implemented into computer-based instructional 
systems and video games to monitor performance, evaluate 
target competencies, and support learning. Due to the 
nature of stealth assessment that—it is deeply and invisibly 

woven into the ongoing user–computer interactions—the 
systems where stealth assessment can be applied are 
required to have the following features: interactivity, adap-
tive challenges, ongoing feedback, uncertainty, and user 
autonomy (Shute & Ke, 2012). To embed stealth assess-
ment into such a system, a key step is to identify the in-
system indicators that can represent the target skills that are 
intended for students to learn and for researchers to mea-
sure. In-system indicators are collected by the user log 
clickstream data, as we refer to them in this study. This 
identification step serves as the core of the design frame-
work that stealth assessment adopts (Mislevy et al., 2003). 
For example, while integrating stealth assessment into an 
educational game called “Use Your Brainz,” Shute and col-
leagues (2016) identified various in-system indicators such 
as “damaging more than three zombies when firing a 
Coconut cannon” and “planting more than three sunflow-
ers before the second wave of zombies arrive.” By provid-
ing statistical evidence, their study demonstrated that these 
identified in-system indicators validly represented stu-
dents’ task performance and problem-solving skills, as they 
were correlated with two external measurements (Shute 
et al., 2016).

The increasingly interactive nature of e-books provides 
the necessary technical environments to establish stealth 
assessment in e-books to track students’ reading behaviors 
and assess their digital learning outcomes. Researchers 
have used reading progress indicators to gain insights 
about reading and learning both in traditional contexts 
(Barth et al., 2015; Denton et al., 2015) and in digital learn-
ing environments (Akçapınar et al., 2019; Askinadze et al., 
2018). Examination of how various in-system indicators 
are associated with literacy outcomes have yielded mixed 
findings. For example, e-book hotspot activation was 
found to be positively associated with better learning out-
comes in some studies (De Jong & Bus, 2004; Ricci & 
Beal, 2002), but this association was not significant in 
some others (Xu et  al., in print). Similarly, Goldhammer 
et al. (2014) examined the associations between time spent 
reading digital text and reading competency and found that 
students who had weaker reading skills tended to spend 
more time reading the text. However, Topping (2018) had 
contradictory findings such that students who spent longer 
time in text reading tended to have better reading compre-
hension outcomes.

These mixed findings in the literature made it challeng-
ing for researchers to draw strong conclusions and have 
clear direction on what in-system indicators can be used to 
represent literacy-related competencies. To this end, we 
take one step further in this line of research by using literacy 
theories to identify potential in-system indicators that are 
captured in the user logs of an interactive e-book and 
explore the possibilities of using those variables as in-sys-
tem indicators for e-book stealth assessment.
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Using Reading and Vocabulary 
Theories to Identify User Log 
Variables

We used several theories to identify the user log variables 
that may serve as in-system indicators of students’ learning 
outcomes. The Lattice Model (Connor, 2016) demonstrates 
that reading for understanding is a complex cognitive pro-
cess that requires the reciprocal coordination of a series of 
linguistic skills (e.g., word knowledge), text and code-based 
processes (e.g., decoding and word reading), and social 
cognitive and regulatory processes (e.g., executive func-
tioning and metacognition), as well as classroom instruc-
tion. Connor (2016) further highlighted that proficient 
readers are more likely to monitor their real-time compre-
hension by rereading and self-questioning and are more 
likely to use appropriate reading strategies such as reread-
ing or using context clues to repair their misunderstanding 
and facilitate their comprehension when they are confronted 
with an unfamiliar word (Cain et al., 2004). This has been 
also suggested by previous eye-movement studies demon-
strating longer rereading times for unfamiliar or implausi-
ble words, especially for better comprehenders (Zargar 
et al., 2020).

The Lattice Model, along with other reading comprehen-
sion theories such as the Direct and Indirect Effect Model of 
Reading (Kim, 2017) and Lexical Quality Hypothesis 
(Perfetti & Hart, 2002; Quinn et al., 2020), support the sig-
nificant role of word knowledge and strategic reading skills 
in children’s literacy development. Researchers have high-
lighted that word knowledge and reading strategies are 
strong predictors for positive comprehension outcomes, and 
better comprehension of the text may in turn help students in 
inferring the meaning of unfamiliar words and thus enhance 
word knowledge learning outcomes (Elleman et al., 2009; 
Quinn et  al., 2020). Indeed, the majority of vocabulary is 
acquired through incidental learning moments which 
requires children being able to derive the meaning of the tar-
get words from the context using inferencing skills (Kim, 
2017), reading strategies, or seeking help from the diction-
ary (Hulstijn et al., 1996). Kim (2017) argued that children’s 
ability to use morphosyntactic cues and comprehend the 
semantic context where the unfamiliar words are embedded 
is vital in figuring out the meaning of the target words. From 
the cognitive and motivational perspective, Laufer and 
Hulstijn (2001) proposed the Involvement Load Hypothesis 
with three dimensions of incidental vocabulary acquisition: 
need, search, and evaluation. Based on the Involvement 
Load Hypothesis, effective word knowledge learning tasks 
should create opportunities for systematic quality exposure 
to target words and maximize the involvement load in the 
above-mentioned three dimensions.

Guided by the reviewed reading comprehension and 
word knowledge learning theories, we created six user log 

variables to identify children’s in-the-moment reading 
processes and learning outcomes. WKe-Book is an inter-
active choose-your-adventure storybook which includes 
story pages, decision pages, and embedded questions. An 
explanation of the user log variables utilized in this study 
along with theoretical support for each are provided as 
follows:

(1)	 Time spent reading story pages. This variable was 
created to reflect the average amount of time each 
student spent reading individual story pages. We 
hypothesized that how long students spent reading 
story pages would be an indication of what we call 
“careful reading” and the depth of involvement in 
word knowledge learning (Laufer & Hulstijn, 2001). 
Although in early literacy interventions, text flu-
ency (i.e., reading faster) is considered an indicator 
of more proficient reading skills (Torgesen et  al., 
2001), for more difficult texts, students are expected 
to read more slowly (McNamara, 2007). Thus, we 
hypothesize that more careful and engaged reading 
(i.e., more seconds per page spent reading) would be 
associated with stronger gains for word knowledge 
and strategic reading skills.

(2)	 Time spent reading feedback pages. To monitor 
whether students make use of the feedback pages 
after answering embedded comprehension ques-
tions, we examined the amount of time students 
spent reading the feedback pages. Feedback pages 
included short explanations as to whether the stu-
dent’s response was correct or incorrect and if incor-
rect, the text provided help on varying target 
strategies students could employ to reach the correct 
answer. Thus, similar to time spent on story pages, 
we hypothesized that spending more time reading 
feedback pages may predict higher gains in word 
knowledge and better strategic reading learning 
outcomes.

(3)	 How frequently they read the book. The frequency 
of reading WKe-Book indicates how many times 
students read the WKe-Book to explore the differ-
ent story streams in this choose-your-own-adven-
ture storybook. As the vocabulary words introduced 
in each story stream were not the same, reading dif-
ferent story streams in WKe-Book provides more 
text exposure and contextualized word knowledge 
training, which means that students learn new 
words in context. Using reading frequency as an 
indicator of motivation (Ciampa, 2012), we hypoth-
esized that students who read the WKe-Book mul-
tiple times might have higher levels of motivation 
and deeper involvement load (Laufer & Hulstijn, 
2001), which would further lead to better learning 
outcomes.
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(4)	 The percentage of questions answered correctly. 
The WKe-Book included question pages which con-
sisted of multiple-choice reading comprehension 
and vocabulary questions. Examining this variable, 
the percentage of questions answered correctly is 
used to indicate the level of real-time story compre-
hension and vocabulary learning for each student. 
More specifically, the number of embedded ques-
tions students answer correctly while reading the 
WKe-Book is assumed to reflect how well they are 
understanding the story and learning the new words 
introduced in the book. Thus, we anticipated this 
variable to directly predict students’ gains in word 
knowledge and strategic reading.

(5)	 How many attempts it took of the students to get 
the correct answer. As a complementary variable to 
percentage questions answered correctly, the more 
attempts students make to answer a question cor-
rectly would reflect a less strategic approach to 
answering the embedded questions and less vocabu-
lary learning. We conjecture that this variable would 
also represent the proper use of the interactive ques-
tion feature embedded in WKe-Book such that the 
more attempts to answer a question correctly, the 
less strategic they are being—rather they are guess-
ing and checking or “gaming the system” (Baker 
et al., 2004, 2008).

(6)	 Number of implausible decisions. The choose-your-
own-adventure nature of the WKe-Book allows 
readers to make their own choices about what hap-
pens next on decision pages. Some decision points 
in the story also contained implausible story stream 
decisions where that decision led to a dead end in 
the story, which would send the students back a few 
pages to read and make a better choice. In order to 
avoid making an implausible decision, students 
needed to comprehend the story and to choose the 
option that was more likely to lead to a positive res-
olution. We hypothesize that this complex mental 
process requires inferencing, word knowledge, and 
strategic reading skills. Thus, we expected that the 
number of implausible decisions made would be 
negatively associated with students’ word knowl-
edge and strategic reading skills.

Using the variables generated from the user logs, this 
study aims to gain insights into students’ real-time reading 
behaviors and processes, as well as examining whether and 
how e-book user log variables can evaluate students’ strate-
gic reading and word knowledge learning outcomes without 
extra post hoc assessments or observation videos. The fol-
lowing research questions guided this study:

Research Question 1 (RQ1): What were children’s real-
time reading behaviors with the WKe-Book?

a.	 On average, how much time did students spend 
reading the story pages?

b.	 How much time did students spend reading feed-
back pages?

c.	 How many times did the students read the 
WKe-Book?

d.	 What was the percentage of embedded questions 
answered correctly?

e.	 How many times did students attempt to answer the 
embedded questions?

f.	 How many implausible decisions did students make 
on WKe-Book decision pages?

Research Question 2 (RQ2): To what extent are the 
user log variables associated with children’s word 
knowledge gains after reading WKe-Book?
Research Question 3 (RQ3): To what extent are the 
user log variables associated with children’s strategic 
reading gains after reading WKe-Book?

Method

Participants and Context

The data utilized for this study were collected as part of a 
randomized controlled trial (RCT) where researchers 
examined the effectiveness of the WKe-Book intervention 
on children’s word knowledge, word knowledge calibra-
tion, and strategy use—skills associated with reading com-
prehension (Connor et al., 2019). The participants of this 
study were 573 third- to fifth-grade students from 25 class-
rooms in two Title I elementary schools in the same school 
district in Arizona. The majority of the students were 
Hispanic (67%) and female (53%). Approximately 70% of 
the students qualified for the National School Lunch 
Program, which is a commonly used indicator of children’s 
socioeconomic status. The age range of the students was 8 
years and 4 months to 10 years and 2 months.

Procedures

The larger study (Connor et  al., 2019) used randomized 
controlled design to examine the effects of reading the 
WKe-Book and participating in weekly book club sessions 
on students’ skills related to reading comprehension. Using 
a delayed treatment control group, classrooms were 
assigned to the immediate treatment group (to receive inter-
vention immediately) or the delayed treatment group (to 
receive intervention after the first group). Within class-
rooms, students were then randomly assigned to WKe-
Book-Only group or WKe-Book + Book Club group. 
Students in the WKe-Book-Only group read the WKe-Book 
3 days a week for 30 min each time for 3 weeks. Students in 
the WKe-Book + Book Club group read the WKe-Book 2 
days a week for 30 min each time and received one book 
club session per week (20 min) for 3 weeks. In the book 
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club sessions, trained research assistants met five to six stu-
dents each time and taught the students target word learning 
and repair strategies such as word structure, context clues, 
and dictionary use. The intervention protocol was exactly 
the same for the immediate treatment group and the delayed 
treatment group. As the larger study was an RCT, all stu-
dents were administered before and after receiving the 
intervention. More specifically, participants were given the 
Word Knowledge Task and the Strategic Reading Task at 
three time points: before Cohort 1 received the intervention 
(Time Point 1), after Cohort 1 received the intervention and 
before Cohort 2 received the intervention (Time Point 2), 
and after Cohort 2 received the intervention (Time Point 3). 
In this study, we used the data collected that reflected stu-
dents’ skills before receiving the intervention (i.e., pretest) 
and again after the intervention was completed (posttest), 
regardless of the cohort they were randomly assigned.

Word Knowledge E-Book (WKe-Book)

The WKe-Book is a choose-your-own-adventure e-book 
adapted from a children’s chapter book called The Dragon’s 
Lair—The Scarlet Square Story from the Counterpane 
Quilt Series (authored by Ann-Eve McDonald). For more 
information regarding the WKe-Book, please see Connor 
et  al., (2019). The WKe-Book consists of the following 
interactive features: (a) Multiple-choice questions were 
created to encourage students to monitor their and facili-
tate their comprehension. To answer the questions cor-
rectly, students need to comprehend the story and figure 
out the meaning of embedded target words. Some of the 
questions focused more on story comprehension and some 
tackled word knowledge learning and inferencing (see 
Figures S1 and S2 in Online Supplemental Material). (b) 
Immediate feedback following the multiple-choice questions 
was provided after each response (see Figure S3 in Online 
Supplemental Material). If the wrong answer was chosen, 
students were encouraged to use comprehension repair strat-
egies (e.g., word learning strategies) and were prompted to 
re-read some part of the story and answer the question again. 
(c) Choose-your-own-adventure to allow readers to make 
their own choices. Children could name the two main charac-
ters and choose different story streams by choosing a route on 
decision pages, which consisted of a multiple-choice ques-
tion (see Figure S4 in Online Supplemental Material). Some 
of the story streams led to a dead end in the story which could 
have been avoided by not making an implausible decision on 
decision pages. In these cases, students were sent back to 
reread parts of the story and promoted to make a better deci-
sion for the characters in the book.

Measures

Word Knowledge Task.  Students’ knowledge of the target 
vocabulary words introduced in the WKe-Book was assessed 

using the Word Knowledge Task (Connor et al., 2019). This 
test was administered as one of the pretest and posttest by 
the research assistants for both the immediate treatment 
group and delayed treatment group. There are three subtests 
in this task: Matching, What’s the meaning of this?, and 
Let’s figure it out. In the Matching subtest, students were 
asked to match 10 target vocabulary words with their cor-
responding definition from three choices. In the second sub-
test, students read 10 sentences (with each sentence 
including one target word) and they had to choose a syn-
onym from a bank of three optional words. In the last sub-
test, students were asked to read a sentence and write the 
definition of the underlined target words. In the first two 
subtests, one correct item was worth 1 point, whereas in the 
third subtest, one item was worth 0 to 3 points depending on 
the accuracy of their definitions, which yields a scoring 
range of 0 to 23. Two research assistants were trained to 
score the task and they were blind to the intervention condi-
tion. Inter-rater reliability of this task reached .97 and the 
reliability of this test was alpha = .89.

Strategic Reading Task.  In this study, we refer to reading 
comprehension repair strategies or strategies used to facili-
tate comprehension as strategic reading skills. The Strategic 
Reading Task was used to assess how well students used the 
reading strategies taught in WKe-Book to figure out the 
meaning of the unfamiliar words and comprehend the pas-
sages. When comprehension breaks down due to encounter-
ing an unfamiliar word, word learning strategies are the 
most effective in regulating comprehension—strategies to 
aid learning new vocabulary words which facilitate com-
prehension (Honig et  al., 2013). These were the type of 
reading strategies aimed to target in the WKe-Book. The 
word learning strategies being tested included using context 
clues, morphosyntactic knowledge (e.g., using prefix and 
suffixes), word structure, word history, and dictionary use. 
This written assessment included seven items. Each item 
contained a short paragraph with a target word, which was 
unfamiliar for children from third to fifth grade (e.g., cir-
cumnavigate, and prestidigitators). After each paragraph, 
students were asked to answer a series of questions. The 
rationale behind each question is as follows: (a) “What 
would be a good title for this paragraph?” The answers to 
this question will provide an estimation of how well stu-
dents were able to identify the main idea of each passage. 
(b) “Circle a word that you don’t know.” As previous 
researchers have described the two steps of monitoring 
one’s comprehension, the first step is to identify misunder-
standings (e.g., unfamiliar words) and then to repair the 
misunderstandings using reading strategies (Cain et  al., 
2004). Thus, this item is used to assess whether students 
can successfully identify the target difficult word in each 
paragraph. (c) “What do you think [the word] means?” This 
question is designed to evaluate whether students are able  
to figure out the meaning of unfamiliar words successfully. 
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(d) “How did you figure out what the word means?” This 
question is designed to directly assess whether students use 
a word learning strategy to figure out the meaning of the 
target unfamiliar words (i.e., employ their strategic reading 
skills). In the larger study, these four items were part of the 
Comprehension Monitoring Task (Connor et al., 2019). To 
assess students’ strategic reading, we rescored the four 
items to provide a strategic reading score. The range of the 
task score is from 0 to 49. Sample questions and scoring 
manual can be found in Figures S5 and S6 of the Online 
Supplemental Material. The reliability of this task reached a 
= .87. This task was administered to all the third- and 
fourth-grade participants for both pretest and posttest. Due 
to administrative reasons, this task was not administered for 
the fifth-grade delayed treatment group as posttest, which 
resulted in 137 missing values.

User log variables.  In total, six variables were generated 
from the user log data using Python:

(1)	 Time on story pages. To create this variable, the 
average time each student spent on story pages 
while using the WKe-Book was calculated. 
Instances where students spent more than 10 min on 
one page were truncated because such a long time 
on one single page was likely due to special situa-
tions, such as students forgetting to log out or being 
called out of the classroom:

(2)	 Time on feedback pages. To create this variable, the 
average time each student spent on reading feed-
back pages was calculated. Similar to time on story 
pages, instances where students spent more than 10 
min on one page were also truncated.

(3)	 Reading frequency. The total number of times stu-
dents read the book was created by calculating the 
number of times each student read the WKe-Book 
from the first page to the last page.

(4)	 Percentage of questions answered correctly. To cre-
ate a variable for the embedded questions answered 
correctly on the first attempt, we calculated the per-
centage of questions answered correctly per student 
for every question accessed the first time they tried 
to answer them.

(5)	 Number of attempts to answer questions. When stu-
dents failed to get the correct answer for the interac-
tive questions on their first try, they were provided 
feedback and then guided to the previous page for 
rereading and rethinking to answer the question cor-
rectly. Thus, the number of attempts children made 
to answer the questions was created by calculating 
the total attempts each student made to answer ques-
tions divided by the total number of questions being 
answered.

(6)	 Implausible decisions. On decision pages, students 
were asked to choose what will happen next, and 
some decision points contained an implausible story 
stream decision where one decision led to a dead 
end in the story. Thus, the variable implausible deci-
sions was created to capture the number of implau-
sible decisions students made while reading the 
WKe-Book.

Analytical Approach

Descriptive analyses and correlations were used to gain a 
comprehensive understanding of how students were reading 
and interacting with WKe-Book. We conducted stepwise 
multiple regression analyses and models were built to exam-
ine the associations between the log variables and the Word 
Knowledge Task and the Strategic Reading Task. We first 
built regression models (see Models 1 and 5 in Table 1) with 
only the user log variables as independent variables on the 
two posttest scores. Second, we added in classroom fixed 
effect to eliminate the variation in classroom level units (see 
Models 2 and 6 in Table 1). Third, we added in other control 
variables including students’ pretest scores, whether stu-
dents participated in the book club or not, and the number of 
days they were absent from the intervention (see Models 3, 
4, 7, and 8 in Table 1). We decided to only include class-
room-level fixed-effects models without accounting for 
school-level effects because the students in the two schools 
had similar demographic information and we assume that 
school-level variation does not bias our estimate of the asso-
ciation between the predictors and dependent variables. This 
assumption was supported by the non-significant coeffi-
cients of the school-level data in the fixed-effects regression 
models. We initially included four control variables includ-
ing pretest scores, gender, attending book club, and number 
of days absent. Gender, although suggested by literature that 
it might affect the motivation of reading (Marinak & 
Gambrell, 2010), was not found to predict any of the two 
outcome variables significantly. Thus, to produce a more 
parsimonious model, we only kept the control variables that 
were significant in our models. The original user log data 
were analyzed using Python and R Studio. Further data 
cleaning and analysis were conducted using Stata 15.

Results

RQ1: What were children’s real-time reading behaviors 
with the WKe-Book?

To explore the potential of log variables in identifying read-
ing processes and behaviors, we conducted descriptive sta-
tistical analysis of the six user log variables (see Table S2 in 
Online Supplemental Material) and correlation analysis for 
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all the outcome and predictor variables (see Table S3 in 
Online Supplemental Material). The average time students 
spent reading story pages was 43.99 s (SD = 22.91). There 
were six students whose average time spent on story pages 
were less than 10 s with a minimum of 2 s. On average, stu-
dents spent 9.11 s reading the feedback pages (SD = 10.86) 
with a minimum of 2 s and maximum of 139 s. Moreover, 56 
students spent on average less than 3 s reading the feedback 
pages. The frequency that students read the WKe-Book also 
varied across the entire sample. Approximately 35% of the 
students only read the book once. The average number of 
times students read the book was 1.68 (SD = 1.55) and the 
maximum was 10 times.

Percentage of questions answered correctly was nor-
mally distributed between 14% and 100% with a mean of 
57.29% (SD = .18). Nine students answered all the ques-
tions correctly on the first attempt and 14 students answered 
less than 25% of the questions correctly. On average, it took 
the students 1.83 attempts to get the reading comprehension 
questions correct (SD = .64) and the maximum number was 
8 times. The majority of the participants appeared to have 
adequate comprehension of the story streams such that 73% 
of the students were able to select the correct answer within 
two attempts and 9% of students answered all the questions 
correctly on the first try. There were four students (7%) who 
took an average of 4 or more times to answer the ques-
tions correctly. The number implausible decisions varied 
from 0 to 14 times with a mean of 1.59 and standard devi-
ation of 1.72.

Zero-order correlations (see Table S3 in Online 
Supplemental Material) revealed significant correlations 
between three user log variables and students’ posttest 
scores. Specifically, the percentage of questions answered 

correctly showed a moderate uphill relation with both 
Strategic Reading (r = .47, p < .001) and Word Knowledge 
posttest scores (r = .49, p < .001). Similarly, the number of 
times students read the WKe-Book was positively corre-
lated with Strategic Reading (r = .11, p = .02) and Word 
Knowledge posttest scores (r = .11, p = .01). The number 
of attempts students made to answer the questions are 
negatively correlated with Word Knowledge (r = −.29, 
p < .001) and Strategic Reading posttest scores (r = −.26, 
p < .001). We did not find any significant relations between 
the other three log variables and the two posttest scores. 
When examining the correlations between user log vari-
ables, we found that students who spent more time reading 
the story pages (r = −.41, p < .001) and feedback pages 
(r = −.17, p < .001) were less likely to make implausible 
decisions. Students who spent more time reading story 
pages also tended to answer embedded questions correctly 
with fewer attempts (r = −.12, p < .001). When examining 
book club participation, we found that students who partici-
pated in the book club tended to make less implausible deci-
sions (r = −.15, p < .001) and score higher on Word 
Knowledge posttest (r = .10, p = .02).

RQ2: To what extent are the user log variables associ-
ated with children’s word knowledge gains after reading 
WKe-Book?

Results of the stepwise regression models on the post Word 
Knowledge Task are presented as Models 1 to 4 in Table 1 
of the Online Supplemental Material. We first built a mul-
tiple regression model with the six user log variables as pre-
dictors. Model 1 showed that four of the six user log 
variables were significantly associated with the post Word 

Table 1.  Regression Analysis on Word Knowledge and Strategic Reading Outcomes.

Specification

Word knowledge post-test Strategic reading post-test

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8

User log variables
  % of questions correct 0.16*** 0.12*** 0.05*** 0.05*** 0.20*** 0.13*** 0.05** 0.05**
  Implausible decisions –0.36* –0.25 –0.12 –0.07 –0.41 –0.50* –0.40* –0.35*
  Attempts to answer questions –1.44*** –0.90** –0.52* –0.57* –1.150* –1.58** –0.94* –0.87*
  Time on story pages –0.01 –0.01 0.00 0.01 0.06** 0.01 –0.02 –0.01
  Time on feedback pages –0.83* –0.29 –0.38 –0.36 –1.37** –0.66 0.13 0.14
  Frequency reading book 0.15 0.26 0.05 0.19 0.74* 0.40 0.11 0.24
Control variables
  Word knowledge pre-test No No 0.74*** 0.72*** No No No No
  Strategic reading post-test No No No No No No 0.64*** 0.64***
  Book club No No No 1.24*** No No No 1.53**
  Days absent No No No -0.15 No No No –2.38*
  Classroom fixed effects No Yes Yes Yes No Yes Yes Yes
Observations 566 566 565 565 427 427 426 426

Note. * p < 0.05, ** p < 0.01, *** p < 0.001.



Yang et al.	 299

Knowledge Task (R2 = .30). In Model 2, after controlling 
for the between group variance at the classroom level, only 
two of the log variables remained to be significantly associ-
ated with the Word Knowledge posttest and R2 improved to 
.49. In Models 3 and 4, we added the Word Knowledge pre-
test scores to control for the baseline skills and two more 
variables relevant to the intervention condition: participat-
ing in the book club and days absent from the intervention. 
Model fit further improved to .69 in Model 4, and there are 
two log variables showing significant associations with post 
Word Knowledge Task: percentage of questions correct and 
number of attempts. Specifically, every one unit increase in 
percentage of questions correct was found to be associated 
with .05-unit increase in Word Knowledge posttest score (p 
< .001); every one unit of increase in Number of Attempts 
was found to be associated with .57 unit decrease in Word 
Knowledge posttest score (p = .02).

RQ3: To what extent are the user log variables associ-
ated with children’s strategic reading gains after reading 
WKe-Book?

Results of the stepwise regression models on the Strategic 
Reading Task are presented as Models 5 to 8 in Table 1 of 
the Online Supplemental Material. Model 5 includes the six 
user log variables and only 29% of the variance was 
explained. Model 6 showed that the effect of classroom 
level units was significant (p < .001) and including the 
cluster enabled the model to further explain 19% of the 
variance. In Models 7 and 8, we added the Strategic Reading 
pretest to control for the baseline skills and two more vari-
ables related to the intervention condition: attending the 
book club and days absent. R2 improved from .48 in Model 
6 to .67 in Model 8 and classroom level effects remained 
significant. In Model 1, all user log variables were found to 
be significantly associated with Strategic Reading posttest 
except implausible decisions. However, after eliminating 
classroom level variance and controlling for the pretest 
scores and intervention condition, implausible decisions, 
percentage of questions correct, and number of attempts 
were significant. More specifically, one unit of increase in 
percentage of questions correct is associated with .05 unit 
increase in Strategic Reading posttest score (p = .01); one 
unit of increase in implausible decisions is associated 
with .35 unit decrease in Strategic Reading posttest score 
(p = .04); and one unit of increase in Number of Attempts is 
associated with .87 unit decrease in Strategic Reading post-
test score (p = .05). Although the three time and frequency-
related log variables (i.e., time spent reading the story pages 
and feedback pages and the frequency reading the WKe-
Book) were found to be correlated with Strategic Reading 
posttest scores in Model 1, these correlations were not 
found to be statistically significant in our final model.

Discussion

The Potential of Using User Logs to Track and 
Identify Real-Time Reading Processes

To answer our first research question, we conducted 
descriptive statistical analyses on the six user log variables. 
The results were informative in tracking real-time reading 
behaviors and depicting a detailed picture of how children 
were interacting with the WKe-Book. As for the time-
related variables (time spent reading story pages and feed-
back pages), the majority of students spent a reasonable 
amount of time reading the WKe-Book feedback pages, yet 
a small group were flipping the pages without careful read-
ing (Carver, 1992). Feedback pages embedded in the WKe-
Book were aimed to facilitate strategic reading and negotiate 
meaning; thus reading these pages would be key learning 
opportunities for the students. Skipping feedback pages, 
namely, not spending adequate time learning the strategies, 
might be an indicator for less adaptive reading behavior. 
Similarly, time spent on story pages captured some con-
cerning reading behaviors inasmuch as a small group of stu-
dents did not spend a reasonable amount of time reading the 
text to understand the story; instead, they skipped most of 
the pages by rapidly clicking the “next” button. Results also 
show that approximately 7% students took an average of 
four or more attempts to answer the questions correctly. As 
the reading comprehension questions only had four options, 
this might be an indicator of unproductive learning such 
that students might have been guessing and checking the 
answers randomly without careful reading and thinking, 
which is also referred to as gaming the system (Baker et al., 
2004, 2008). This alarming learning behavior has been 
detected in interactive digital learning environments such as 
math tutoring systems and is believed to be highly corre-
lated with unproductive learning. Studies from Baker and 
colleagues (Baker et al., 2004) found that the percentage 
of students who game the system ranges from 2% to 12% 
depending on the task difficulty and our result falls into this 
range.

We also found variety in the total times the WKe-Book 
was read across the entire sample. On average, students 
read the WKe-Book 1.68 times, whereas some students did 
not finish reading the WKe-Book once and some others 
read it up to 10 times. In the WKe-Book intervention, par-
ticipants were given at least 3 hr in total (30 min each time 
during six to nine sessions) to read the WKe-Book, and they 
were encouraged by the research assistants to read it again 
to explore other story streams once they finished reading 
the book once. Not being able to finish the story once might 
be an indicator that readers experienced difficulties in mov-
ing forward throughout the story.

In sum, the descriptive analysis of the log variables 
allowed us to potentially monitor and identify the effective 
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and ineffective reading behaviors. Such indicators identi-
fied a group of students who might need individualized 
assistance on strategic digital reading.

Log Variables Related to Interactive Questions 
and Decisions Predict Learning Outcomes

To examine how user log variables predicted digital learn-
ing outcomes, we conducted multiple regression analyses 
with classroom fixed effects. We hypothesized that the two 
literal and inferential question-related variables, namely, 
percentage of questions answered correctly and number of 
attempts answering questions, would predict students’ word 
knowledge and strategic reading gains. Results from the 
multiple regression analysis supported our hypothesis that 
these two user log variables significantly predicted stu-
dents’ posttest scores, controlling for pretest scores, school 
fixed effects, and intervention condition. As mentioned pre-
viously, difficult vocabulary and comprehension questions 
were embedded in the WKe-Book along with providing 
immediate feedback to facilitate word learning. Higher 
rates of correctness and fewer attempts require students to 
use their strategic reading skills and have adequate compre-
hension of the syntactic context that the target words were 
embedded in, which is a prerequisite for successful infer-
encing of the target words. Thus, theoretically, this finding 
is aligned with the word knowledge and inferencing pro-
cesses described in the multicomponent view of vocabulary 
acquisition (Kim, 2017).

Making fewer implausible decisions was also found to be 
significantly associated with better Strategic Reading post-
test scores, when controlling for pretest scores, school fixed 
effects, and intervention conditions. Theoretically, given the 
level of difficulty for the vocabulary in WKe-Book, strategic 
reading skills including employing word learning strate-
gies to figure out the meaning of unfamiliar words to facili-
tate comprehension are required to make more reasonable 
choices on decision pages. Thus, our finding provided one 
more piece of supporting evidence to the theories on vocab-
ulary learning and reading comprehension in the literature 
(Connor, 2016; Kim, 2017).

Empirically, we argue that the significant association 
between the three question-related variables (percentage of 
questions correct, implausible decisions, and attempts) and 
the learning outcomes suggested the potential of user log 
variables as in-system indicators for applying stealth assess-
ment into interactive e-books. As discussed earlier, the limi-
tations of traditional standardized assessments have been 
pointed out by many scholars (Shute & Ke, 2012; Symonds, 
2004; Wiliam & Thompson, 2007). New methods of forma-
tive assessments have been called for, where contextual-
ized learning can be supported and the real-time learning 
processes can be captured. Shute proposed the methodol-
ogy of performance-based stealth assessment to evaluate 

digital learning processes and outcomes, but developing 
such online learning tools is not easy. Well-designed stealth 
assessment tools require identifying a series of in-system 
indicators to reflect learning outcomes, and it also requires 
multiple features in the digital learning environment includ-
ing interactive instructional environment, adaptive chal-
lenges, ongoing feedback, a metacognitive component for 
self-regulated learning, and user’s influence over the learn-
ing experiences (Shute & Ke, 2012). In this study, we suc-
cessfully identified three in-system indicators gleaned from 
the clickstream data which reflected students’ word knowl-
edge and strategic reading outcomes of an interactive 
e-book intervention: implausible decisions made, percent-
age of questions answered correctly, and number of attempts 
to answer these questions. These findings suggested that the 
WKe-Book user log data powered by its interactive features 
has the potential to elucidate students’ real-time reading 
processes, and assess learning outcomes while supporting 
deep and meaningful learning. As this was an exploratory 
study, more research needs to be conducted to further exam-
ine the reliability and consistency of these in-system indica-
tors as a formative digital literacy assessment.

Non-Significant Findings for the Time and 
Frequency-Related Log Variables

Our findings showed that time-related log variables were 
not significantly associated with Word Knowledge and 
Strategic Reading learning outcomes, after controlling for 
the classroom fixed effects, pretest scores, and intervention 
condition. According to the Involvement Load Hypothesis ( 
Laufer & Hulstijn, 2001), effective vocabulary learning 
requires more in-depth involvement in the learning tasks, 
which further requires adequate e amounts of time and 
efforts spent on task. Given the number of unfamiliar words 
embedded in WKe-Book, we, therefore, hypothesized that 
while reading, students needed time to use appropriate read-
ing strategies, such as word learning strategies, to figure out 
the meaning of the unfamiliar vocabulary words and facili-
tate comprehension. However, our results do not indicate 
such hypothesized association between the time students 
spent on reading story and feedback pages and the digital 
learning outcomes. In literature, consensus has not yet been 
reached about the associations between reading time and 
reading outcomes (Goldhammer et  al., 2014; Topping, 
2018). Our findings add one more piece of evidence to the 
argument that there is no direct correlation between the time 
reading the e-book pages with students’ learning and read-
ing outcomes.

Moreover, the choose-your-own-adventure feature in 
WKe-Book allows students to explore other story streams 
which in turn provide opportunities for students to encoun-
ter more vocabulary along with individualized scaffolding 
as each target word was not presented in every story stream. 
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Thus, we hypothesized that reading frequency would predict 
students’ learning outcomes. However, our results do not 
show significant associations between frequency and the 
dependent variables. There are several reasons that might 
explain the non-significant findings. First of all, although 
clickstream data enable researchers to gather fine-grained 
information about students’ interactions with the device, 
concerns have been raised that this data source only pro-
vides a partial and noisy record of a student’s actions (Baker 
et al., 2020). Also, during the intervention, we found that 
some page loading errors occured to some students while 
they were reading the WKe-Book. For example, when stu-
dents clicked on the Next button, an error message would 
pop up on the screen and students were not directed to the 
correct “next page.” Following this error, students might 
have had to restart the e-book from the beginning, which 
would increase the reading frequency unintentionally. 
Second, due to the unique word knowledge training purpose 
of the WKe-Book, the difficulty level of the text and vocab-
ulary is beyond average of the reading materials for stu-
dents in third to fifth grades. Thus, the unusual difficulty 
level might serve as a confounder to our prediction.

Limitations and Future Research

There are limitations to this study that should be considered 
when interpreting these results. First, as mentioned above, 
we found that some page loading errors happened to some 
students while they were reading the WKe-Book. The errors 
and reloading of pages might have impacted users’ experi-
ences and caused more noise in the log data. Second, even 
though some important associations were found as prelimi-
nary evidence that some user log variables might be used to 
track and assess children’s real-time reading processes and 
digital learning outcomes, the reliability and consistency of 
these potential measurements have to be further examined. 
This might serve as one possible direction for future stud-
ies. Third, theories suggest that the time students spend on 
reading story and feedback pages should be associated with 
their reading related learning outcomes. However, our 
models yielded non-significant findings on such relations. 
Further research is needed to replicate the findings and 
have a better understanding of the association between 
time-related log variables on e-books and students’ learn-
ing outcomes.

Conclusion

This study explores the possibility of utilizing stealth assess-
ment in digital reading platforms by investigating the asso-
ciations between the user log variables and students’ learning 
outcomes. Powered by the interactive features of WKe-Book, 
we successfully tracked and identified children’s real-time 
reading processes and behaviors using six variables gleaned 

from the user log data. More importantly, this study contrib-
utes to the literature by identifying three in-system indicators 
that can predict word knowledge and strategic reading out-
comes, which serves as an initial and important step to embed 
stealth assessment into digital reading platforms. Our find-
ings shed new light on the design and development of e-books 
as a literacy intervention, as well as the use of e-book interac-
tive features and user log data for formative assessment in an 
unobtrusive and supportive manner.
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