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ABSTRACT

To meet the goal of understanding students’ complex learning processes and maximizing their learning
outcomes, the field of learning analytics delves into the myriad of data captured as students use com-
puter assisted learning platforms. Although many platforms associated with learning analytics focus on
students’ performance, performance on learning related tasks is a limited measure of learning itself. In
this chapter, the authors review research that leverages data collected in programs to understand specific
learning processes and contribute to a robust vision of knowledge acquisition. In particular, they review
work related to two important aspects of the learning process—students’ problem-solving strategies
and behavioral engagement—then provide an example of an effective math program that focuses on the
learning process over correct or incorrect responses. Finally, they discuss ways in which the findings
f rom this research can be incorporated into the development and improvement of computer assisted
learning platforms, with the goal of maximizing students’ learning outcomes.
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1. INTRODUCTION

Learning is a complex process that requires exposure to content, thought, struggle, and memory (Bjork &
Bjork, 2020; Koedinger et al., 2023; Lynch et al., 2018; Okano et al., 2000). To have learned something,
a student must not only be able to perform a task in the moment, but demonstrate that they can retain
the information or skill and apply it to new situations (Soderstrom & Bjork, 2015). Learning systems
in which students encounter desirable difficulties (Bjork & Bjork, 2020) — such as varying presentation
of content (Smith et al., 1978; Smith & Handy, 2014), interweaving knowledge components instead of
presenting them sequentially (Rohrer et al., 2014), spacing content delivery (Cepeda et al., 2006) and
retrieval practice (Karpicke & Zaromb, 2010) — increase the likelihood of learning. Yet, when desirable
difficulties are designed into learning activities, students’ performance often suffers, even as these design
choices can positively affect learning as measured by distal outcomes (Roediger & Karpicke, 2006; Shea
& Morgan, 1979; Smith & Rothkopf, 1984).

Despite the potential incongruence between performance and learning, Computer Assisted Learn-
ing Platforms (CALP) often rely heavily on students’ performance within learning activities as the
primary measure to evaluate students. The instructional design in these CALPs may vary greatly; some
incorporate game-based learning (Siew et al., 2016), puzzles (Rutherford et al., 2010), and simulations
(Martens et al., 2004; McCoy, 1996), while others focus on more traditional problem sets with tutorial
instruction (Heffernan & Heffernan, 2014). While specific design and difficulty within these instructional
methods may also differ, many of these CALPs use mastery learning (Barnes et al., 2016; Heffernan
& Heffernan, 2014; Macaruso & Hook, 2007; Ritter et al., 2016). Mastery learning is based on the
premise that students must master a knowledge component prior to progressing to new content (Bloom,
1968). Mastery of a skill is often determined using students’ performance within the activities, either
by modeling student knowledge or using simple criteria, such as solving three problems correctly in a
row (Corbett & Anderson, 1994; Kelly et al., 2015; Reich, 2020; Yudelson et al., 2013). Early education
technologies relied on modified versions of Rasch models which estimated the probability a student will
get a problem correct based on a function of a problem’s difficulty and a student’s ability (Reich, 2020).
Alternatively, knowledge tracing — which seeks to predict the probability that a student has mastered
a knowledge component — has emerged as one of the main methods for assessing students’ mastery of
learning within a problem set (Corbett & Anderson, 1994; Yudelson et al., 2013). Furthermore, mastery
learning systems often include interactive elements that provide assistance, which may further boost
performance by reducing the mental effort necessary to produce correct responses, while potentially
hindering learning (Koedinger & Aleven, 2007; Koedinger et al., 2008). Overall, these systems rely
on students’ performance data, most often represented by their binary outcomes on problems within
an activity, to evaluate student learning and determine whether students should progress on to the next
knowledge component.

Furthermore, a portion of Learning Analytics (LA) research also relies on proximal performance
within a program. For example, A/B tests, which are commonly used in LA research both to evaluate
features and to study learning mechanisms, often use proximal performance as an outcome measure. A/B
tests are experiments that test the effect of conditions on a desired outcome through random assignment
to a treatment (e.g., access to feature) and control (e.g., no feature access). They have commonly used
the impact of evaluate features - such as hints, feedback, and reward systems - on student learning. Some
of these tests rely solely on the students’ performance directly after the problem to estimate the effects
of features and interventions (Haim et al., 2022; Patikorn & Heffernan, 2020; Prihar et al., 2021; 2022),
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while others use a variety of performance and behavioral outcomes that were generated during or directly
after the experimental problem set (Gurung, Baral, et al., 2023; Vanacore et al., 2023).

Many mastery learning programs are effective at improving students’ learning outcomes, and analy-
ses of performance have advanced our understanding of parts of the learning process (Anderson et al.,
1995; Hurwitz & Vanacore, 2022; Kulik et al., 1990; Roschelle et al., 2016). Yet, there is evidence that
alternative approaches to mastery learning, such as emphasizing students’ learning processes as they
solve problems, may have a greater impact on learning (Decker-Woodrow et al., 2023). For LA to fulfill
the goal of understanding student learning and optimizing instructional systems (Long et al., 2011), the
field has probed deeper into students’ behaviors in CALP as they solve problems while incorporating
this understanding into the development of learning systems. This process leverages different problem
types which can range from traditional multiple-choice or fill-in-the-answer problems to more complex
puzzles and games that provide different data about how students engage with the content. This under-
taking requires analyzing and utilizing more than the proximal performance measures within the data,
and focusing on the learning processes by which students arrive at the answers they submit.

Our chapter presents various LA research that goes beyond performance measures to understand
students’ learning processes as they solve problems in various CALP. The chapter is divided into two
sections (Sections 2 and 3). In Section 2, we provide examples of research on both mastery learning
programs and programs that use alternatives to proximal correctness when evaluating student learning,
and explore how the field is moving toward a more nuanced understanding of learning. In Section 3,
we provide an example of a program, which focuses on students’ problem-solving processes, effort, and
engagement, and discuss its impact on student learning.

To frame Section 2, we present a conceptual model (presented in Figure 1) in which data generated
by CALP are used to understand how constructs that underlie students’ learning processes lead to robust
learning defined by retention and transferability. This model is not comprehensive, but it is a useful
framework for understanding LA research. Studies in LA use a wide variety of log data collected in
CALP. For the purpose of this chapter, we have grouped data into two general categories: action data
and time data. Action data varies depending upon the program, but may include log-in/out data, attempts
to solve problems, submitted answers, use of hints embedded within the programs, and steps students
take to solve the problem (i.e., derivations). Time data can be aggregated at different levels to include
students’ response time for each action, the time taken to complete a problem, or their total time using
the program. Section 2 focuses on how various data from CALP is being used in LA research to study
two key constructs of learning: problem-solving strategies and behavioral engagement.

In Section 3, we use an online learning game, From Here To There! (FH2T) as an example of how
systems that emphasize the learning processes can effectively promote students’ mathematical learn-
ing. We outline the theoretical basis for FH2T and discuss evidence of its efficacy. Finally, we discuss
new causal research on understanding key mechanisms and behaviors that drive the efficacy of FH2T
as well as ways in which we can encourage effective learning behaviors within learning systems. As a
whole, FH2T, and its associated research base, illustrate how CALP can improve our understanding of
students’ learning processes while positively impacting those processes by looking beyond performance.
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Figure 1. Conceptual model of the components of learning analytics research which include the data

captured in CALP systems, the components of the learning process, and learning outcomes
Lines represent the interconnected nature of the components across the model’s levels

Learning
Outcomes

Constructs
of Learning
Process

Example

2. BEYOND PERFORMANCE: STUDYING LEARNERS’
PROBLEM-SOLVING STRATEGIES AND ENGAGEMENT

2.1 Problem-Solving Strategies

In order to solve problems, students need to engage in cognitive processing to understand a problem,
derive a solution, and conduct a sequence of steps to arrive at their answers. In many CALP, this process
is unobserved, as programs simply ask the students to select or input their final answers into the system.
In these cases, possible problem-solving paths may be inferred by speculating plausible processes for
incorrect answers. While incorrect answers can help provide cues about student errors and inform tar-
geted feedback and guidance, the variability in correct approaches or multiple strategies that students
use while problem-solving is largely invisible in the data.

In traditional mastery learning CALP, researchers have attempted to derive students’ processes from
their given solution. For example, in a series of studies, Gurung et al. (2023a; 2023b) had teachers exam-
ine common wrong answers in a CALP, speculate how students would produce those answers, and then
create automated feedback that directs toward the estimated paths. The feedback had mixed success in
affecting students’ performance, which may indicate that the teacher’s speculations were at times incor-
rect. Notably, this system only works for incorrect answers and does not accommodate multiple paths
to any solution. Furthermore, the students’ true path to their solution remains unobserved.

Alternatively, when online learning programs focus on students’ problem-solving processes or strate-
gies rather than performance on tasks (i.e., producing correct answers), researchers can utilize observable
students’ actions in the form of log data collected in CALP to unpack traditionally unobserved cognitive
processes (Rowe et al., 2021; Shute et al., 2016; Sun et al., 2022). For example, Shute et al. (2016) ap-
plied data mining methods to use student in-game action data as an indicator of problem-solving skills
in an online mathematics learning game called “Use Your Brainz”. The goal of this game was not just
to produce a correct answer, but students needed to apply various problem-solving skills to achieve the
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goal (i.e., planting special plants on a lawn to prevent zombies from invading their houses). In this study,
the authors divided students’ use of problem-solving strategies into four sub-constructs: analyzing givens
and constraints, planning a solution pathway, using tools and resources effectively, and monitoring and
evaluation process. Then, they identified 32 students’ in-game actions logged in the system (e.g., planting
over three flowers before the zombies arrive), mapped them into each sub-construct of problem-solving
skills (e.g., analyzing givens and constraints), and implemented this problem-solving model in the game
using Bayesian networking. The results revealed that the in-game indicators of problem-solving skills
significantly correlated with the results of two external tests of problem-solving skills, suggesting that
the problem-solving skills assessment using in-game metrics is valid.

In another study, Rowe et al. (2021) used classification algorithms to create automated detectors
of students’ implicit problem-solving processes based on gameplay behaviors in an online mathemat-
ics game called “Zoombinis”. Similar to Shute’s (2016) study, they divided students’ problem-solving
strategies into four different phases (i.e., trial and error, systematic testing, systematic testing with a
partial solution, implementing with a full solution) and used both raw log data (e.g., overall gameplay
data) collected in the game system and hand-labeled data from observations of students gameplay (e.g.,
problem decomposition, pattern recognition) to build over 100 features (i.e., detectors) that might be
indicative of these strategies. Then, they examined the relationships between these detectors and external
post-assessment scores for validation and found that most of the detectors were significantly associated
with the post-assessment scores.

Further, when in-game action data is combined with other types of data obtained from external sources
(e.g., interaction among students), researchers can measure more complex learning processes, such as
how a group of students uses their knowledge and skills to solve complex problems collaboratively.
For example, Sun et al. (2022) investigated the relationship between collaborative problem-solving
behaviors and solution outcomes in a physics learning game, “Physics Playground”. They conducted
qualitative coding of students’ utterances during their gameplay and identified 19 indicators of collab-
orative problem-solving skills (e.g., constructing shared knowledge, negotiation). Then, they examined
the relationship between these indicators and in-game performance (e.g., problem-solving efficiency)
measured by action data. The results indicated that “proposing solution ideas contributed to desirable
outcomes” was the most influential predictor of in-game performance out of 19 indicators of collabora-
tive problem-solving, suggesting that collaborative problem-solving requires individual contributions
as well as collective interactions.

The game-based algebraic CALP From Here To There! (FH2T; https://graspablemath.com/projects/
fh2t), which was developed by Ottmar et al. (2015), utilizes a slightly different approach by directly log-
ging sequences of students’ problem-solving steps. In each problem of the game, students are asked to
transform an algebraic expression or equations (e.g., “11+55+y+89+45” in Figure 2) into a mathemati-
cally equivalent but perceptually different goal state (e.g., “100+y+100” in Figure 2) using permissible
touch-screen or mouse-based gesture-actions. The sequence of steps a student makes to reach the goal
state (e.g., Figure 2a through f) is captured along with its timestamp in the system, allowing researchers
and learning analysts to study students’ various pathways to reach the solution.

In contrast to traditional mastery learning programs, FH2T does not evaluate students by produc-
ing answers to math problems but by how efficiently they reach the specified goal state in the game.
For example, if a student reaches the goal state with the fewest steps possible to complete the problem
(i.e., also called the “optimal step”) using a two steps strategy (Student A in Figure 3: [start state:
114+55+y+89+45] — [step 1: 114+100+y+89] — [step 2: 100+y+100]), three clovers (i.e., rewards
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Figure 2. A sample problem in FH2T in which shows the steps students take to manipulate the equation
from the start to the goal state

(a) (b)

100 +y+100

Gon

100 +y +100 100 +y +100

Goar st Goal

i+ 48

100+4+100 100+4+100

Goat v s Goxt

in the game) are given, and an efficiency score (optimal step count/total step count) of 1 is assigned.
However, the number of clovers they receive is deducted if the students exceed the minimum required
number of steps to reach the goal state (e.g., Student B and Student C in Figure 3). As such, there is no
correct/incorrect dichotomy in the game, but there are several different pathways to solve the problems,
which allows researchers to explore variations of students’ mathematical approaches and problem-solving
processes to reach the solution.

Using the data collected in FH2T, we applied data visualization techniques and explored students’
algebraic problem-solving processes in the game (Lee et al., 2022). Specifically, the study visualized
individual students’ step-by-step information about the problem-solving process (e.g., math strategies
used, time spent between each action) using Indivisualizer (See Figure 3) and created Sankey diagrams
(See Figure 4) to investigate how the productivity of the first step influenced the overall efficiency of
problem-solving. The results showed a large variation in students’ use of mathematical strategies to solve
the problems, with some approaches being more efficient than others, and the productivity of the first
step significantly predicted the overall efficiency of problem-solving. The findings suggested that these
data visualizations depicting students’ problem-solving processes can help unpack individual students’
cognitive processing as well as variability in overall students’ mathematical problem-solving strategies.

In this case, it is also possible to utilize time data to estimate processes, such as the amount of thought
a student might be applying to the problem before they produce a solution. Using action data can help us
grasp the invisible cognitive processes; however, there is always an amount of thinking ascribed to the
action. In order to solve problems properly or efficiently, a student needs to examine a problem, pause,
and strategically think about what to do next rather than rushing through the problem. Some studies have
used “think aloud” methods to explore students’ thinking and pause time (Charters, 2003), but these
methods can be time-consuming to collect the data individually for each student. Time data automati-
cally collected in CALP also can be used as a potential indicator of students’ cognitive processing. As
an example, we used time data to measure students’ thinking and pausing before problem-solving in
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FH2T (Chan et al., 2022). By computing the time students spent before making a first action on each
problem, we found that students’ pre-solving pause time was positively associated with strategy ef-
ficiency, which suggests that pause time may be a proxy indicator of students’ strategic planning (i.e.,
thinking about pathways and solutions to the specific problem). Note that more details about FH2T are
discussed in the later section.

Figure 3. An example of the Indivisualizer

(b) Student B (c) Student C
(a) Student A
I1+55 +y+83+4S 11+55 +y+89+4S I+85 +y+389+4S
1.319 secs 8.672 secs 1.33 secs
AddSubNumbers Commute AddSubNumbers
11+100+y + 39 B9+11+55 +y+4S 66+y+39+4S
4.970 secs 1.302 secs
AddSubNumbers AddSubNumbers [ reset |
100 +y +100 100+SS +y+4S +S85 +y+389+4S
2.980 secs 3.28 secs
AddSubNumbers AddSubNumbers
100 +y + 100 114100 +y + 89
3.945 secs
AddSubNumbers
100 +y +100

Figure 4. An example of a Sankey diagram showing all student pathways for a given problem
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2.2 Students’ Behavioral Engagement

Another important aspect of the learning process is students’ behavioral engagement, which is generally
defined as the student’s involvement in one’s own learning or academic tasks (Sinatra et al., 2015). In
classrooms, researchers often measure students’ behavioral engagement through class attendance and
participation in activities, attentiveness, effort, persistence toward the tasks, or self-directed information-
seeking actions when facing obstacles (Sinatra et al., 2015). Studies have found that students’ behavioral
engagement is significantly associated with positive proximal and distal learning outcomes, such as
knowledge gain, better performance (Ladd & Dinella, 2009; Rohrer et al., 2014; Rutherford et al., 2014),
and a lower probability of dropout (Archambault et al., 2009).

As with students’ problem-solving strategies, behavioral engagement is often observed indirectly in
CALP. In mastery learning CALP, LA researchers use process data to assess behavioral engagement,
often by attempting to predict whether students will display suboptimal behavioral patterns. For example,
researchers have exerted extensive effort to discern whether students are “gaming the system,” which
is attempting to succeed by exploiting properties of the system (e.g. requesting all the hints available)
instead of actively engaging with the material being taught (Baker et al., 2008). For example, Baker et
al. (2006) built a detector that identifies students’ gaming behaviors using data collected through field
observations and students’ in-game action data. Alternatively, Paquette et al. (2018) identified 13 ac-
tion patterns of gaming behaviors. Using these patterns, they identified gaming the system behaviors
in several learning contexts and platforms with a satisfactory level of reliability. Notably, much of this
work focuses on predicting rather than understanding learning behaviors, and when researchers have tried
to understand why students game the system, they have looked into self reports as opposed to utilizing
with-in program process data (Baker et al., 2008).

There are other examples of using process data to understand behavioral engagement (or disengage-
ment) within mastery learning CALP. For example “Wheel-Spinning” — spending a substantial amount
of time struggling to learn a subject without achieving mastery (Beck & Gong, 2013). As with gaming
the system, most of this work has focused on predicting rather than understanding the behavior (Botelho
et al., 2019A; Gong & Beck, 2015; Mu et al., 2020; Zhang et al., 2019). Another example is Botelho
et al. (2019B) exploration of a behavior they called “stopout,” for when students refuse to complete a
problem. They used action data prior to the stopout behavior to understand its antecedents.

Although much of behavioral engagement research on mastery learning CALP focuses on negative
behaviors of unproductive persistence or disengagement, some researchers have used students’ response
time data to estimate attentiveness to problems and hints. One example is Gurung et al. (2021) explo-
ration of students’ effort in ASSISTments - a math-focused CALP that includes mastery learning and
traditional problem sets with immediate feedback. They estimated whether students exerted effort after
requesting a hint by analyzing students’ response times immediately after seeking help in combination
with their subsequent action — which they refer to as “response time decomposition.” Shih et al. (2008)
also examined response times to estimate the time students spent thinking about bottom-out hints (i.e.,
worked examples that include problems’ answers). Both of these analyses found that more time spent
between accessing hints and the student’s next action (requesting another hint or submitting an answer)
was associated with better performance, thus they deduced that time to be an indicator of thoughtful effort.

Contrary to much of the research on mastery learning CALP, LA research on behavioral engagement
with CALP that focus on learning processes is often aimed to understand desirable behavioral engage-
ment. Similar to the works of Gurung and Shih, we examined the relationship between pause time and
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problem solving efficiency in FH2T (Chan et al., 2022). Using students’ response times in conjunction
with their derivations, we found that students who spent a higher proportion of pausing time before
making a first action used more efficient problem solving strategies.

Another aspect of behavioral engagement explored in LA research is productive persistence in
problem-solving. For example, Ventura and Shute (2013) used students’ time on problems to assess
their persistence within the physics game, Newton’s Playground, which they validated using an external
measure of persistence administered outside of the program. Another way of measuring persistence is
to examine how frequently students replay problems. Replayability, which is a feature embedded within
many CALP, provides students an opportunity to engage in several attempts to solve problems, often
after they have achieved suboptimal performance on prior attempts (Boyce et al., 2011; Liu et al., 2017;
Shang et al., 2006).

In FH2T, for example, multiple attempts at each problem are appropriate because there are many
different pathways to each solution, and some paths are more optimal than others. This has allowed us
to evaluate students’ persistence. As mentioned earlier, students receive clovers upon completing a prob-
lem, which shows how efficient their solution was, and students are encouraged to replay that problem
if their path is suboptimal. Our earlier work found that replaying a problem is associated with a higher
likelihood of having optimal performance on the next problem (Liu et al., 2022) and also significantly
predicts learning gains (Lee, et al., 2022).

Further, using FH2T data, we investigated whether specific types of feedback were associated with
the number of optional replays students made to solve the problem (Liu et al., 2022; Vanacore et al.,
2023). In FH2T, students can attempt to make incorrect arithmetic operations or can provide inefficient
solutions to the problem. In the first case, the system provides students with error-feedback by shaking
the number that the student was trying to put into the incorrect place. In the second case, reward-based
feedback — the number of clovers given to students after problem completion — indicates the efficiency
of their solution. Our analyses suggest that reward-based feedback can motivate students to attempt
problems more than once.

Other studies have used replay behaviors to understand behavioral engagement with the program. For
example, Liu et al. (2017) examined the relationship between students’ replay patterns and their learning
gains in a puzzle-like online mathematics game, ST Math. The results provide a nuanced picture of the
association between replay behavior and learning. Students who replayed problems immediately after
completing the level demonstrated the highest in-game performance, whereas replayed problems within
their current level had lower learning gains. Similarly, Clark et al. (2011) used data on students replay-
ing levels to understand the nuances of the effects of the physics game on student learning and affect.
Notably, they did not find significant correlations between replay behaviors and any of their learning
or affective outcomes.

In sum, the studies reviewed in Section 2 provide examples of how LA researchers can use data col-
lected in CALP to understand not only whether the student gets an answer correct but also how the student
arrives at a particular solution. When CALP is created to emphasize the process of problem-solving,
as opposed to the performance of answering problems, data are produced in a way that helps unpack
students’ complex cognitive processes when solving problems. Analyses focused on how students arrive
at a solution can provide valuable information and insights about implicit students’ learning processes.
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3. IMPACT OF FOCUSING ON LEARNING PROCESSES
RATHER THAN MASTERY: WHAT WORKS AND WHY

3.1 Example of Impact: FH2T Efficacy Studies

Throughout the previous section, we have touched upon how LA can help us unpack complexities in
students’ learning processes using data from both mastery learning and alternative CALP. For this section,
we use FH2T as an example of how a CALP focused on students’ learning processes has been shown
to outperform more traditional methods of instruction focused on mastery learning and performance in
improving algebraic knowledge.

As mentioned above, FH2T is a game-based educational technology that aims to improve algebraic
understanding (Ottmar et al., 2015). FH2T was developed based on theories of perceptual learning and
embodied cognition. Perceptual learning theory posits that algebraic reasoning is inherently perceptual,
which involves visual processing: seeing expressions or equations as structured objects, identifying
symbols, and organizing them into groups (e.g., parsing 2 X a+ b X 3 as (2 X a) + (3 X 4)) (Goldstone
et al., 2010). Embodied cognition theories suggest that students’ physical experiences influence their
thinking and reasoning in mathematics (Abrahamson et al., 2020). Integrating these theories into the
game, FH2T made implicit mathematical metaphors and symbols into visual and tactile virtual objects. In
this way, students can easily identify implicit algebraic structures through manipulation and transforma-
tions of the objects (e.g., touching and moving the symbols) in the game. While many math instructions
tend to focus on memorizing abstract and seemingly arbitrary rules (e.g., multiplication and division
before addition and subtraction), FH2T provides perceptual-motor experiences that help students acquire
not only algebraic knowledge but also appropriate perceptual processing skills essential for fluency in
algebraic problem-solving.

One of the integral parts of the game is that students can use any mathematically valid action, result-
ing in various strategies or pathways to solve each problem. Although there are the most efficient ways
that students can solve the problem using the fewest steps possible, students can reach the goal state in
an infinite number of mathematically valid ways. In this way, they have the freedom to think flexibly
and creatively and realize that math problems can be solved in a large number of ways. Through these
interactions, students experience dynamic algebraic transformations, rather than a series of static equa-
tions. In sum, FH2T emphasizes the process of arriving at a mathematical solution over the correctness
of answers or completion of the problems, by providing students with a rich experience with puzzle-like
problems that go beyond submitting or selecting correct or incorrect answers.

A number of Randomized Control Trials (RCT) consistently showed that students in the FH2T
condition outperformed on algebra assessments compared to students who completed online problem
sets, including multiple choice and fill-in-the-blank problem sets with automated hints and feedback
(Chan et al., 2022; Decker-Woodrow et al., 2023; Hulse et al., 2019). Recently, Decker-Woodrow et al.
(2023) conducted a large-scale efficacy RCT to examine whether FH2T improves 7th-grade students’
(N = 1,850) algebraic understanding more than two other CALPs: a game-based learning program
DragonBox (Kahoot!) and more traditional algebra problems sets presented with hints and immediate
feedback (administered through ASSISTments). These conditions were all compared to the active control
of traditional algebra problem sets with delayed feedback (also administered through ASSISTments).
The results showed that students in the two game-based learning conditions (i.e., FH2T, DragonBox)
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showed larger learning gains in algebraic understanding compared to the control condition after 4.5
hours of intervention sessions, even after controlling for prior knowledge and demographic variables.

These results indicate that game-based programs which focus on the process of learning have benefits
beyond providing more insight into students’ learning processes; they also benefit students’ learning.
Notably, the availability of immediate hints and feedback did not produce significant differences in al-
gebraic knowledge compared with the active control. This may be because hints can alleviate difficulties
in the learning process, thus impacting students’ performance (Patikorn & Heffernan, 2020; Prihar et al.,
2021), while not impacting learning, due to a phenomenon known as the Assistance Dilemma (Koedinger
& Aleven, 2007). Alternatively, programs that focus on the learning process through game-based tasks
may help students engage in productive struggle, by allowing them to explore potential solutions to each
problem and seek multiple paths to a solution. Thus, the emphasis on the learning process may create
the condition which optimizes learning.

3.2 Providing a Deeper Understanding of Impact

Due to the rich problem-solving data produced as students use FH2T, the data from large efficacy studies
provide opportunities to look beyond average treatment effects and understand the causal mechanisms
driving these effects. Leveraging quasi-experimental methods, it is possible to use what we have learned
about students’ processes in correlational research to understand the causal relations between program
features and desirable student behaviors as well as between those behaviors and their outcomes. This
burgeoning area of work will lead to a better understanding of why some programs outperform others,
why some students benefit more than others, and how we might improve programs to maximize learn-
ing for all students.

One example of how process data can be used to study the mechanisms of learning is through con-
ducting research on replay behaviors. As explained above, students in FH2T are encouraged to replay
problems when they have suboptimal performance, and this behavior is associated with a higher likeli-
hood of performance within the game (Chen et al., 2020; Liu et al., 2022). To go beyond evaluating the
association between behaviors and performance, we applied a quasi-experimental method — fully latent
principal stratification (Sales & Pane, 2019) — to FH2T efficacy study data in order to estimate the effects
of FH2T for students with a high propensity to replay problems (Vanacore et al., 2023). We found that
the effect of FH2T was about twice as large for students with a high propensity to replay. This suggests
that the ability to replay problems in FH2T is a key mechanism in the effectiveness of the program.
Notably, the process orientation of FH2T allows for the replay feature. Unlike traditional mastery learn-
ing programs in which students can submit one correct answer, FH2T allows students to take multiple
correct paths to the answer. Those who take this opportunity benefit more from the program.

The obvious next step is to understand how to effectively encourage students to replay more problems.
To this end, we evaluated the impact of the performance-feedback based systems in FH2T on students’
likelihood of replaying each problem after they have suboptimal performance using another quasi-exper-
imental method, regression discontinuity design (Vanacore et al., 2023). We found that when students
received the lowest level performance-feedback (a score of one out of three) based on their performance,
they were more likely to replay a problem compared to receiving a higher performance-feedback (a score
of two out of three). We speculate that the students view receiving the lower performance-feedback as
a game-based -failure, which motivates them to retry the problems. This suggests that adjusting perfor-
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mance-based feedback systems to communicate game-based failures while also providing opportunities
to reattempt the problems can encourage students towards productive persistence.

In sum, we have identified a feature of the program (e.g, ability to replay problems) which, when
coupled with a behavior (e.g., replaying problems), increases the impact of the CALP on students’ learn-
ing. Then, we have studied how to influence this behavior within the program. In the future, we can
adjust the program in order to encourage replay behavior and test whether this improves the program’s
efficacy. Thus, this serves as an example of how understanding the learning process can lead to an in-
teractive cycle of improving CALP to help students learn.

4. CONCLUSION AND FUTURE DIRECTIONS

In order to understand the complexity of students’ learning processes, LA has turned to rich data sources
produced by CALP to study students’ learning processes, including their problem solving strategies
and behavioral engagement. Furthermore, to maximize student outcomes, CALP have provided robust
learning environments that go beyond submitting or selecting answers to statically presented problems,
towards creating dynamic and interactive learning environments. This chapter provided examples of
how LA can be used to reveal learning processes and learning-related behaviors. The knowledge gained
through this research is then leveraged to create programs that optimize systems for student learning.

Yet to be truly meaningful, this research area must grow in two ways. In their article describing
the importance of LA, Wise et al. (2021) suggest that impactful LA should focus on (1) “closing the
loop” by connecting the learners to actionable interventions through data collection and analyses and
(2) creating an iterative cycle which integrates research findings into improving learning systems. They
also emphasize that understanding the process of learning using data from programs that emphasize
that process is only the beginning for LA. The research on the learning process needs to be connected
to interventions for learners and used to improve the programs themselves.

“Closing the loop” involves going beyond learners using a CALP, data collection within the CALP,
and analysis/metricization of the data from the CALP. This loop is incomplete without using the analyses
and metrics to drive interventions (Clow, 2012). The research presented above does not utilize the analysis
of the learning process to differentiate instruction within the programs or help teachers do so in their
classrooms. Using our understanding of students’ learning process to drive dynamic systems that tailor
instruction to students’ needs is the necessary and logical next step of this work. Furthermore, helping
teachers access understandable data and metrics about their students’ strategies and behaviors will help
them address their students’ misconceptions and provide informed feedback as they teach.

The learning analytics cycle also requires a feedback loop of program improvement (Wise et al., 2021).
This is still missing from much of the research on students’ learning processes. The field has identified
some strategies and behaviors associated with better learning outcomes, and we have started to pinpoint
causal factors that connect these strategies with greater impact on learning. Yet, more work should be
done to understand how to guide students toward better learning strategies and higher engagement. In
Section 3.3, we present one example of a behavior — replaying problems after suboptimal performance
— which is both associated with positive outcomes and influenced by a feature of the program. More
work must be done to close the loop between identifying positive learning strategies and behaviors and
influencing students such that they develop better strategies and behaviors.
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Notably, we focused on problem-solving strategies and behavioral engagement as key constructs of
the learning process, as we point out in the introduction, they are not the only relevant constructs. For
example, students’ affect and mindsets are influential factors in how they engage with learning tasks and
can be added to the conceptual model proposed in Figure 1. Both of these have been studied at length
in LA (e.g., Andres et al., 2019; Baker et al., n.d.; Dillon et al., 2016; Stone et al., 2019; Vanacore et al.,
2023; Wang et al., 2015). For example, Baker et al. (2012) detected students’ affect using derivations
of students’ action and time data. As with problem-solving strategies and behavioral engagement LA,
more work must be done to discern students’ affect and mindsets, as well as understand how we might
positively influence these aspects of learning.

In conclusion, LA is a field of iterative design and evaluation with the aim of improving learning
environments. Researchers and educators know that learning is complex and nuanced. To effectively
meet the aim of LA, we must continue to focus on studying learning as a nuanced and complex process.
This focus will help researchers and educators understand students as they learn, and ensure that systems
are optimally designed to assist the process of learning.
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KEY TERMS AND DEFINITIONS

Action Data: Data on the actions students take within a program, including, but not limited to their
submission of answers to questions or problems, use of hints and scaffolding, and derivations in problem-
solving. These data will vary based upon the actions available in the program.

Computer Assisted Learning Platforms (CALP): Programs that provide automated learning con-
tent and/or problems with the goal of students gaining knowledge or skills. These can include programs
with varying levels of adaptivity from intelligent tutors with automated targeted feedback to digitally
presented problems.

Desirable Difficulties: Elements of learning programs, systems, or courses that create conditions
for productive struggle which improve learning.

Learning: Permanent changes in abilities or knowledge, including long term retention of information
and transferability of skills outside of the direct context in which they were learned.

Performance: Execution of a task during the learning activity, including whether a problem was
answered correctly or a task completed sufficiently.

Randomized Control Trial: A research design in which units (often students) are randomized into
conditions, allowing for an evaluation of the effect of those conditions in the unit.

Time Data: Data on the time it takes a student to take an action or series of actions.

Quasi-Experimental Studies: Research designs that estimate the effects of a condition, though the
units are not randomized into conditions. This must be done by accounting for confounding that occurs,
which influences what units experience what conditions. Common quasi-experimental methods include
propensity score matching and regression discontinuity design.
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