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Abstract

Game-based assessment (GBA), a specific applica-
tion of games for learning, has been recognized as
an alternative form of assessment. While there is a
substantive body of literature that supports the educa-
tional benefits of GBA, limited work investigates the
validity and generalizability of such systems. In this
paper, we describe applications of learning analyt-
ics methods to provide evidence for psychomet-
ric qualities of a digital GBA called Shadowspect,
particularly to what extent Shadowspect is a robust
assessment tool for middle school students' spatial
reasoning skills. Our findings indicate that Shadow-
spect is a valid assessment for spatial reasoning
skills, and it has comparable precision for both male
and female students. In addition, students' enjoy-
ment of the game is positively related to their overall
competency as measured by the game regardless of
the level of their existing spatial reasoning skills.
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Games, both digital and non-digital, are increasingly seen as a considerable asset for learn-
ing (De Freitas, 2018; Gee, 2009; Prensky, 2003). This includes those games that have been
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Practitioner notes

What is already known about this topic:

 Digital games can be a powerful context to support and assess student learning.

+ Games as assessments need to meet certain psychometric qualities such as
validity and generalizability.

» Learning analytics provide useful ways to establish assessment models for
educational games, as well as to investigate their psychometric qualities.

What this paper adds:

* How a digital game can be coupled with learning analytics practices to assess
spatial reasoning skills.

* How to evaluate psychometric qualities of game-based assessment using learning
analytics techniques.

* Investigation of validity and generalizability of game-based assessment for spatial
reasoning skills and the interplay of the game-based assessment with enjoyment.

Implications for practice and/or policy:

+ Game-based assessments that incorporate learning analytics can be used as an
alternative to pencil-and-paper tests to measure cognitive skills such as spatial
reasoning.

* More training and assessment of spatial reasoning embedded in games can motivate
students who might not be on the STEM tracks, thus broadening participation in
STEM.

+ Game-based learning and assessment researchers should consider possible
factors that affect how certain populations of students enjoy educational games, so
it does not further marginalize specific student populations.

explicitly designed for learning purposes, commonly called educational or serious games,
by aligning the mechanics and content of the game with specific learning goals (Ibrahim &
Jaafar, 2009), as well as games developed for entertainment since players can learn and
refine multiple skills from active gameplay (Gee, 2009; Shute et al., 2015). Game-based
assessment (GBA) is a specific use of educational games that employs game activities to
elicit evidence for educationally valuable skills and knowledge (Kim et al., 2016).

Developing a well-balanced GBA, a game that is both enjoyable and holds satisfying
qualities as assessment, is challenging (Kim et al., 2016), particularly related to ensuring
and examining psychometric qualities such as validity, fairness and generalizability (Kim &
Ifenthaler, 2019). While still limited, the field has begun to understand how students' back-
grounds (eg, gender, game experience) differentially influence one's performance and learn-
ing in educational games (Hou et al., 2020) and validity and generalizability (eg, Auer et al.,
2022). Because the underlying assumption for the benefits of games is that the player enjoys
the game (Fu et al., 2009), to what extent the player enjoyed the game, and thus how much
genuine effort the player put forth, should be considered for assessment (eg, Hou et al.,
2020; Kim & Shute, 2015).

Moreover, GBA requires new ways of examining these psychometric qualities (Kim
et al., 2016) because gameplay data can easily violate assumptions required for traditional
statistical analysis (eg, an underlying latent variable stays static and has a normal distri-
bution). While learning analytics and educational data mining methods could be used to
overcome these challenges, the learning analytics community also recognizes the need to

A “1 “€T0T SESSLIVI

RopA:

AN £ 98ZE 11960/ 1111°01/10p/wiod"

SIALJO KNS

OSIPRJA] - UISUOD:

) suoNIpUO,) puE SULd L 2 298 “[£207/90/67] 10 Are1qr SwuQ Ko[1Ay ‘U

11dde o) £q PoLIAOS A1 SOJOILIE V() 1951 JO SA[MI 10§ KIRIqr] AUIUQ KA[EAY O (:

2SUIOIT SUOWIWIO,) IAEIL) QLD



British J I of
VALIDITY AND GENERALIZABILITY OF GAME-BASED ASSESSMENT Eaucational Tachnology | 357

strengthen the connection between learning analytics and assessment (Gasevic¢ et al., 2022)
as little research has been done generally on properties of assessment in the field of learn-
ing analytics. Thus, examining these psychometric qualities is a key interest for the learning
analytics and GBA communities, and the community has begun to apply interdisciplinary
approaches to examine validity, generalizability and fairness in GBA, for example, using
more commonly used methods in the learning analytics such as Bayesian Knowledge Trac-
ing (Rizvi et al., 2022) and Random Forest (Auer et al., 2022).

In this paper, we report an evaluation of the validity and generalizability of GBA for spatial
reasoning skills using a digital puzzle game called Shadowspect. The importance of this
work to foster equitable and fair use of GBA in educational contexts can be established
as follows. First, while there is a substantive body of literature that supports the impor-
tance of spatial skills for academic achievement and careers in STEM fields (eg, Uttal &
Cohen, 2012), there are also well-documented gender differences in spatial reasoning skills
(eg, Linn & Petersen, 1985) that could further mediate the gender difference in math and
science (eg, Ganley et al., 2014; Nuttall et al., 2005). Second, playing video games has been
shown to increase one's performance on spatial reasoning tasks for both males and females
(eg, McClurg & Chaillé, 1987), games as a medium also have many known gender differ-
ences in terms of play styles and preferences, to name a few, males tend to prefer action and
strategy, whereas females prefer social and physical, males tend to spend more time playing
video games than females (eg, Hartmann & Klimmt, 2006; Scharkow et al., 2015). There-
fore, to promote the increased use of games as a potential curriculum and assessment tool
to support spatial reasoning in classrooms to mitigate gender inequalities in STEM learning,
careful examination of validity and generalizability across male and female students should
be one of the minimum requirements.

This paper investigates the following overarching question: ‘Can a game be developed as
an alternative assessment of spatial reasoning for curricular use?’ We call attention through-
out to evidence for the validity and generalizability of Shadowspect as an assessment tool for
spatial reasoning skills using learning analytics techniques. Specifically, this paper addresses
the following three research questions (RQs):

* RQ1. Validity: How well does Shadowspect assess spatial reasoning skills?

* RQ2. Generalizability: Does Shadowspect assess spatial reasoning skills with compara-
ble reliability/precision for female versus male students?

* RAQ3. Interplay with enjoyment: Does enjoyment affect the validity of Shadowspect?

RELEVANT LITERATURE
Game-based assessment

Well-designed games have the potential to provide a rigorous context for assessment and
have been recognized and applied as an alternative to more traditional assessments (Shaffer
& Gee, 2012) while providing the following affordances. First, games engage players in
authentic environments through versatile mechanics where players adapt to specific rules
and constraints, facilitating authentic situations that resemble what they will encounter in
real-world situations (Bellotti et al., 2010). Second, the telemetry of digital games allows for
collecting rich data that can be used to build computational models using psychometric and
machine learning approaches. By doing so, we can reconstruct the entire problem-solving
process instead of only looking at the final outcomes of the problem (Freire et al., 2016).
Finally, annual surveys on youth media use consistently indicate that playing games is one
of the most popular leisure activities (Anderson & Jiang, 2018), where 90 percent of teens
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in the United States say they play video games of any kind (whether on a computer, game
console, or cellphone). People's prior experience of playing games in their daily lives can lead
to better engagement when introduced in educational contexts (Eyupoglu & Nietfeld, 2019).
This positive attitude towards games allows increased data collection (due to more time
spent on task) and increased overall accuracy of the inferences (due to lower test anxiety
and higher engagement) (Courtney & Graham, 2019; Mavridis & Tsiatsos, 2017; Mulligan
et al., 2018; Sundre & Wise, 2003; Wise, 2006).

The integration of player's background knowledge and prior experiences can create chal-
lenges for data collection as player in-game decisions are blended between prior and current
understandings, thus creating noisier data (Basu et al., 2020). Yet, analysis of player data
signatures using multiple event types can yield a more holistic understanding of player expe-
rience such as differentiating activity levels and proficiency (Pellicone et al., 2019). Data
systems have continuously adjusted to include the scale of interactions that can be recorded
from GBAs to make such distinctions by including not only player actions but also system
events and player progress; this comprehensive log data allows for feature generation and
ultimately better models (Owen & Baker, 2020). Recent work suggests that relatively few
features may be needed to accurately predict student performance when they are meaning-
fully derived (Chen et al., 2020).

The current opportunities for GBA lie in the diversity of games which can be used as
an assessment. GBA can come to be through an intentional design process where design-
ers employ methods such as stealth assessment (Shute, 2011) or evidence-centred design
(ECD) (Mislevy et al., 2003). However, even commercially available games can produce
the types of interactional data necessary to assess player affect (Chen et al., 2020). From
more concrete learning goals such as physics concepts (Kim et al., 2016) and computational
thinking (Pellicone et al., 2019) to more abstract skills such as persistence (DiCerbo, 2014;
Ventura & Shute, 2013), there are myriad ways to consider learner outcomes in GBA. In this
work, we apply learning analytics to assess a more foundational mathematical skill, spatial
reasoning.

Spatial reasoning

Spatial reasoning is a multidimensional cognitive ability that is often used interchangea-
bly with other terms such as spatial thinking, spatial ability and visual thinking. Mulligan
etal. (2018) provide a comprehensive definition for spatial reasoning as the ‘ability to perform
mental manipulations of visual stimuli, the ability to transform spatial forms into other visual
arrangements, an awareness of the structural features of spatial forms and the analytical
thinking required to find relationships and solve problems’, (p. 78). Spatial reasoning not
only is an essential skill to solve various problems in everyday life but also has been recog-
nized as an important predictor for academic achievements and careers, in Science, Tech-
nology, Engineering and Math (STEM) and related fields including chemistry (Stieff, 2011),
computer science, astronomy, physics, mechanical engineering, geometry and medicine (for
a comprehensive review, see Uttal & Cohen, 2012).

Supporting spatial reasoning is of particular interest to reduce achievement gaps in STEM
domains because it serves as a gateway skill to learning other academic disciplines where
understanding abstract concepts in formal curriculum is often explained via visualizations
(Uttal & Cohen, 2012); spatial reasoning is also associated with the development of early
algebraic skills (Papic et al., 2011) and geometry performance (Clements & Battista, 1992).
Many call for more training and assessment opportunities of spatial reasoning in schools
(Wai & Uttal, 2018). For example, Wai and Uttal (2018) argue that the education system
needs better curriculum and assessment tools for spatial reasoning to identify and support
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talented students who might go unrecognized because the current assessment practices
heavily rely on verbal reasoning and mathematics.

In addition, while there are many psychometrically validated spatial reasoning tasks,
only a limited number of classroom-based spatial reasoning teaching and assessment tools
exist (Ramful et al., 2017). The majority of the existing spatial reasoning instruments are
pencil-and-paper where widespread use is limited; teachers often do not have adequate
training to score and interpret test results or create appropriate interventions. Because many
suggest that spatial reasoning skills are malleable and individuals can benefit from training
opportunities, even with young adolescents, providing classroom-based tools that teach-
ers can easily implement might lead to more equitable opportunities in developing spatial
reasoning skills, therefore potentially decreasing the achievement gap in STEM learning
(Lowrie & Jorgensen, 2018). In addition to the lack of resources, the existing research on
spatial reasoning indicates the need for thoughtful approaches when it comes to individual
differences, mainly student gender. That is, there has been a consistent report of gender
differences between males and females, especially well-documented with mental rota-
tion tasks. Law et al. (1993) additionally reported that the gender gap becomes wider with
dynamic tasks. Therefore, we argue that understanding how fair or unfair GBA of spatial
reasoning is across males and females is a crucial first step to suggesting more game-based
curricular activities in classrooms to promote spatial reasoning skills regardless of gender.

Games to support and assess spatial reasoning

Games, both digital and non-digital, have been recognized as an effective training tool
to improve people's spatial reasoning skills. For example, Olkun et al. (2005) created a
digital format of Tangram puzzle game to train 4th and 5th graders' spatial visualization
skills (ie, mentally manipulating pictures of objects to solve problems with visual/geometric
content) and reported an increase in students' geometry score after playing the game for 80
to 120 minutes. Similarly, Yang and Chen (2010) had 5th graders play a digital format of a
pentomino game for 60 minutes and reported a significant improvement of spatial reason-
ing skills between pre- and post-tests. While Yang and Chen reported that female students
initially scored lower on the pre-test, the difference was decreased as the result of playing the
game, suggesting that game-based interventions can serve to support certain subgroups.
While there is sufficient evidence that supports the benefits of playing geometric games to
train one's spatial reasoning skills, no work thus far has examined how games could function
as an alternative assessment, nor what weaknesses and strengths GBA of spatial reasoning
skills may have, particularly in a way that does not further reinforce the existing stereotype
threats (eg, gamers, male).

Validity and generalizability in game-based assessment

The dictionary definition of psychometrics refers to the measurement of psychological attrib-
utes of individuals, but in practice, psychometrics refers ‘to a methodology to identify, charac-
terize, synthesize and critique evidence in arguments about examinees' capabilities in light
of the purpose and the context of assessment use’. (Mislevy et al., 2016). While the major-
ity of existing psychometrics are based on the standard assessment paradigm as Mislevy
et al. (2012) describe them as ‘discrete, pre-packaged tasks with just a few bits of data’
in the special issue of the Journal of Educational Data Mining, they call for new forms of
complex assessment, such as GBA, to ‘embrace concepts and methods from educational
data mining as well as from existing psychometrics’. That is, GBA designers should consider
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psychometrics when designing the game and assessment models based on in-game data;
proper consideration of psychometrics streamlines the connections between evidence gener-
ated in-game and the inferences that one wishes to make about learners (DiCerbo, 2014;
Mislevy et al., 2016).

Like other forms of assessment, there are a set of qualities that GBA needs to demon-
strate; we focus on validity and generalizability in this paper. In the following section, we
discuss what these qualities are and how one can address these qualities in the context
of GBA using interdisciplinary approaches including psychometrics and learning analytics
methods.

The Standards for Educational and Psychological Testing defines validity as ‘the degree
to which evidence and theory support the interpretations of test scores entailed by proposed
uses of tests’ (AERA, APA, & NCME, 2014, p. 9). Evidence for validity in GBA can be estab-
lished in two stages: work done during the design phase of assessment and information
gathered after the assessment is designed (DiCerbo et al., 2017). Many of the existing GBA
works consider the first stage by explicitly using ECD as an assessment design framework
(Mislevy et al., 2003). For example, for Shadowspect, the team designed coarse interac-
tions within the game with target competencies in mind and generated features that are
informed by the existing body of the literature, early design insights and experts' reviews (Kim
et al., 2019). The present work considers the second stage, which seeks to align the prior
interpretations with formal measures of assessment validity. Several existing GBA works
consider the second stage using both psychometrics and learning analytics/educational data
mining methods. For example, DiCerbo (2014) applied ECD to create two features (time
and completion) related to persistence in an online game called Poptropica and conducted
confirmatory factor analysis using scores based on the two features across three tasks. On
the contrary, Chen et al. (2020) used a machine learning algorithm, that is, support vector
machine with recursive feature elimination, to identify in-game features that have the most
predictive power for the overall mastery in the game.

Generalizability can be understood as a general framework to ‘estimate error variance
associated with different sources of error’ (AERA, APA, & NCME, 2014, p. 37) by investigat-
ing a number of factors that can significantly affect reliability/precision of the assessment.
The Standards for Educational and Psychological Testing suggest three factors that could
affect reliability/precision: assessment procedure, qualities of raters and the population (eg,
one group's familiarity with assessment formats and instructions in the assessment proce-
dure). Gender and race are two of the most commonly examined sociodemographic factors
in relation to generalizability of assessment, and gender difference between male and female
has been one of the biggest concerns for spatial reasoning assessment tools and has been
extensively researched (Harris et al., 2021).

Furthermore, for Shadowspect, to what extent the overall accuracy of estimation one
can make based on students' performance in the game across different subgroups is a
particular concern, especially given that certain subgroups, for example, girls and students
with high math anxiety, might be less comfortable with a GBA format that feels like math
puzzles. Examining generalizability (ie, to what extent our model is reliable across genders)
for Shadowspect is crucial because of the previously noted longstanding history of gender
discrepancies on spatial reasoning assessments, including females scoring lower on prior
instruments (Reilly et al., 2017).

Several existing GBA works investigated possible gender discrepancies in GBA using
both psychometric and learning analytics and educational data mining approaches. For
example, Kim & Shute, (2015) examined to what extent one's overall proficiency of concep-
tual physics understanding measured in a physics puzzle game called Physics Playground
using the Pearson correlation coefficients between in-game performance measures and
gender and gaming abilities. They report that the weights of evidence for the numbers of the
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gold and silver badges (ie, features created for overall mastery in the game) vary between
female and male players, indicating that these two features might not be generalizable. Hou
et al. (2020) examined if male and female players differently benefit from playing a math
game called Decimal Point using two versions of game learning- versus enjoyment-focused.
They report players who are more enjoyment-focused learned more efficiently, and female
players had higher learning gains than male players across all conditions. Similarly, Rizvi
et al. (2022) investigated how female and male players learn differently in five language
games in Navigo using Bayesian Knowledge Tracing (BKT) and reported that female play-
ers' overall learning rather was higher than male's. With these previous findings in mind, we
turn our attention towards analysis of Shadowspect to consider whether it serves as a valid
and generalizable GBA.

MATERIALS AND METHODS
Shadowspect

Shadowspect aims to explicitly measure common core Geometry standards (eg, visual-
ize relationships between 2D and 3D objects) and spatial reasoning skills, while simulta-
neously measuring valuable attributes and behaviours in the game that are connected to
lifelong outcomes, such as persistence. Our team consisted of an assessment scientist, a
data scientist and a game designer; our development process leveraged the best practices
of the three disciplines together (Kim et al., 2019). Unlike in the traditional ECD approach
(Mislevy et al., 2003), we applied an iterative process with a rapid prototyping methodology
that included multiple playtests, where for each of the playtests, we conducted a close anal-
ysis to ensure that we were maintaining the balance between game design, data modelling
and assessment algorithms.

Figure 1 shows two puzzles with their respective correct solutions. When a puzzle
begins, the player receives a set of silhouettes from different views that represent the figure
the player needs to create by selecting and composing a set of primitive shapes. The prim-
itive shapes the player can use are cubes, pyramids, ramps, cylinders, cones and spheres.
Depending on the level and difficulty, the puzzle may restrict the quantity or type of shapes
they can create. After putting these shapes in the scenario, they can also scale, move and
rotate the shapes to build a figure that solves the puzzle. Students can move the camera to
see the figure they are building from different perspectives, and they can use the ‘snapshot’
tool (ie, the camera icon on the right bottom corner) to generate a silhouette to see how close
they are to the objective. Finally, the player can submit the solution, which the game will
evaluate and provide feedback. A video of the gameplay is available online and the game
can also be played online.?

Data collection

The data used in this paper is collected from a classroom implementation of the game with
two math teachers who teach four geometry classes at a public charter school in Massachu-
setts, USA. The teachers had the liberty to assign Shadowspect in whichever ways work with
their curriculum, although the research team provided the recommendation of having the
students attempt at least three intermediate and three advanced level puzzles. The teachers
ended up implementing Shadowspect in their classrooms as homework during the 4-week
unit on transforming geometric figures in Spring 2021. The study has been approved by
the Institutional Review Board of a college in the northeastern United States. Because of
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FIGURE 1 Two puzzle examples in Shadowspect

COVID-19 and the hybrid nature of classrooms, the consent and assent forms were sent
electronically. To ensure student privacy, the research team did not collect student or paren-
tal email addresses; the collaborating classroom teacher sent out the consent forms to the
parents instead. Additionally, students were asked to come up with their own nicknames
when playing their game and to use the same nicknames on the various measures. Only the
teacher had access to the student nicknames and their actual names. The research team
never obtained students' names as an added measure of protection.

Two external measures of spatial reasoning were administered: Spatial Reasoning
Instrument (SRI; [Ramful et al., 2017]) and Santa Barbara Solids Test, a cross-section test
(SBST; [Cohen & Hegarty, 2012]). The SRl is a 30-item multiple choice instrument validated
with middle school students with the internal reliability value of 0.849. Its internal consistency
value was 0.84 in our study. SRI measures three sub-facets of spatial reasoning: mental rota-
tion, spatial orientation and spatial visualization. While SRI measures the broad construct,
SBST specifically focuses on one's ability to infer the two-dimensional cross-section of a
three-dimensional object (ie, spatial visualization). SBST is a 30-item multiple choice test
and has been validated with the target age group with a reliability of 0.91. Its internal consist-
ency value was 0.89 in our study. Both assessments have a suggested completion time of
45minutes. Because of the remote nature of schools due to COVID19, we converted the
original paper-and-pencil tests into electronic versions using Qualtrics. The research team
set a timer for 45 minutes (they would exit out of the survey after 45 minutes have passed).

A °1 “€T0T SESBLIPT

10951\ JO ANS19ATUN Aq 98ZE17190Q/1 111°01/10p/wi0d Kay1av ATeaquout{uo’s

(OSIPRA - UISU

dny) suonipuo) pue swid 1 ay) 338 “[£202/90/6] uo Aeiqry surjuQ £3jip “u

ouruQ Aofiy wo (s

n Jo s 10 Amwaqr]

ame sajore yQ s

5u901] suowWIO) dANELL) d1qeotidde oy Aq powIoAcS



British J I of
VALIDITY AND GENERALIZABILITY OF GAME-BASED ASSESSMENT Eaucational Tachnology | 363

We also administered a gameplay enjoyment questionnaire. Six of the items asked
students about the gameplay experience using Shadowspect, a questionnaire adapted
and validated from a validated instrument to measure one's motivation in games (Baker
et al., 2006; Kim & Shute, 2015). In addition, we included 10 additional 5-point Likert scale
items that have been validated and administered in the PISA assessment to assess students'
math anxiety (eg, ‘I get very nervous doing math problems’) and self-efficacy (eg, ‘1 am not
good at math’) (Ferla et al., 2009).

From the four classes, we received full consent from students and parents to participate
in the study from 61 students. A total of 44 students out of 61 completed the full set of spatial
reasoning tests and questionnaires.

In addition to the external measures, Shadowspect also collected all the telemetry data
that students generate while playing with the game. Any interaction with the game that
students perform is stored as detailed data that allows us to reconstruct the learning process
that students undergo to solve each puzzle. The game was developed as a Unity application,
hosted as a web application, and all the events are emitted and stored in a MySQL database.
We did not collect any identifiable or personal data from the users except for a nickname
(login) the student provided themselves. We used that nickname login to merge the teleme-
try data from the game and the questionnaires.

The complete telemetry data collection from a total of the 44 students includes approxi-
mately 80,000 gameplay events (an average of 1818 events per user). Students were active
in the game environment for a total of 52 hours (an average of 1.17 active hours per student),
and students solved a total of 490 puzzles (an average of 11 puzzles per student).

Feature engineering

With the full data collection, we performed a feature engineering process to transform the
raw telemetry data and external measure responses into the necessary features that would
be used to respond the RQs of the study. From the telemetry data, we computed a number
of features based on the functionality already implemented in Shadowspect for assessment
purposes (Ruipérez-Valient et al., 2021). The implemented features are described in Table 1.

Model training and analyses

For RQ1, to investigate the validity of Shadowspect for spatial reasoning skills, we constructed
Random Forest regression models (Breiman, 2001; Genuer et al., 2010) using scikit-learn to
(i) measure the strength of the relationship between the suite of Shadowspect features (eg,
persistence and competency scores) and the external measures of spatial reasoning and (ii)
to identify the most important features the models. Two models were constructed, one each
for our two external measures, SRI and SBST.

We chose Random Forest regression because it is well-suited to our needs. Once hyper-
parameters have been properly tuned, we eliminate the need for traditional feature selection
necessary in other techniques, for example, linear regression (Genuer et al., 2010). This is
desirable because we have several features (M = 30) and a small sample size (N, = 42,
Ny = 41), owing to our data collection methods: several kinds of telemetry data were
collected for two teacher's students. We tuned three hyperparameters that control the results
of the algorithm: the number of trees in the forest, the max number of features per decision
and max depth of any given tree (n_estimators, max features and max depth), following a
grid search strategy (Genuer et al., 2010), once for each model.
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TABLE 1 Student-level implemented features

Feature
tutorial_atime_comp
total_breaks
n_puzzle
n_tutorial
n_attempt
n_complete
revisits
total_submit
incomplete_active
complete_active
tutorial_atime_complete
n_failed_att
diff_event1
avg_revisit
p-puz_no_basic
total_snapshot
total_manipulate
total_view
different_event
cumu_a_time

comp_average

persistence_score

non_per
productive
unproductive

rapid

no_beh

Definition

Seconds spent completing tutorial puzzles

Number of breaks in activity of more than 15seconds
Number of puzzles attempted (ignores repeats)
Number of puzzles completed in the tutorial level
Number of attempts at puzzles (includes repeats)
Number of puzzles successfully completed
Number of revisits to puzzles after failure

Number of submitting a solution

Active time for incomplete puzzles

Active time for solved puzzles

Active time spent for tutorials

Total number of failed attempts

Total number of different events in tutorial level
Average percent of revisits after failing

Percent of non-tutorial puzzles that were attempted
Number of snapshot events

Number of events manipulating a shape

Number of events from changing the camera angle
Number of different events

Time on task as a percentile

The average competency score is computed based on a multivariate
Elo-based learner modelling algorithm, using the four Common Core
Standards at the level of 6-9th grades (Ruipérez-Valient et al., 2022)
present in Shadowspect puzzles, individually represented by the
features comp_mg1, comp_gmd4, comp_co5 and comp_co6

The persistence score is computed based on three dimensions: the time,
the number of attempts, and the number of events when solving each
puzzle. The metric takes into account the percentile distribution for
each one of these dimensions, meaning that students are categorized
as persistence or not compared with other peers in the class

Percent of time spent non-persistent in an unsolved puzzle
Percent of time spent persisting in a puzzle and solving it
Percent of time spent persisting in an unsolved puzzle

Percent of time spent without need to persist in a puzzle because the
puzzle was solved much faster than peers

Percent of time spent without any persistence type above

After tuning, models were k-fold cross-validated (k = 5) using a stratified sample to ensure
that gender ratios within random folds resembled the overall observed gender ratio as closely
as possible. The results of the models were predictions for each student for each external
measure based on what was predicted when that student was in the test set (¥,; and Yy, ).
These predictions were only used to understand the strength of the relationships between
our suite of features and our external measures, for which we computed the Pearson corre-

lations (r,

sri

and r,,) between these model predictions and observed ground truths (y,,; and
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Yost)- Finally, to check the face validity of these results, we computed the GINI importance, a
drop-out loss method, for each feature (Loecher, 2020).

For RQ2, to demonstrate comparable reliability across different subgroups, we computed
the Pearson correlation between model predictions and observed ground truths of only the
male students (¥ and %) ) and of only the female students (8 and 1. ). We tested the signif-
icance of the difference between these results using a two-tailed test with Fisher-z transform.

For RQ3, to demonstrate the effect of enjoyment on key features identified in analysis
of RQ1, we ran a set of nested model ANOVAs, predicting the features of interest given
student's self-reported enjoyment of Shadowspect, holding constant their observed spatial
reasoning skills (SRI and SBST). The key features of interest were time on task (cumu_a_
time), persistence (persistence_score) and competency score (comp_average).

RESULTS
RQ1

The overall performance of the two Random Forest regression models were comparable,
although the model for SRI performed slightly better (Table 2). The correlation between SRI
predicted and observed was r; = 0.54, whereas the correlation between SBST predicted
and observed was r,,, = 0.31. Under normal social science contexts, these would be
considered moderate and weak correlations respectively; however, within the area of GBA
we could consider these strong and moderate values respectively. The rationale is that
transforming game data into constructs is quite a challenging process that often does not
lead to high-performing results, and these values are quite good for the GBA field (Kim &
Ifenthaler, 2019).

The most important features (Table 3) of both models included time on task (cumu_a_
time), some measure of competency (comp_a_time) and some measure of persistence
(persistence score or rapid). In contrast, the least important features of both models included
counts related to puzzles attempted (eg, n_attempt and n_puzzle) and counts related to
specific in-game events (eg, total_snapshot and total_manipulate). Together, it appears that
both feature-engineered variables and scores from the learner modelling algorithms that
Shadowspect uses were more important than raw telemetry data.

Inspecting the partial dependence (Figure 2) of the features associated with time on task,
competency and persistence, in both models, holding all else as observed, shows that on
average, (i) predictions of spatial reasoning increase as students receive higher competency
scores, (ii) predictions increase as students score higher on the rapid persistence measure,
(iii) predictions generally decrease as students spend more time on task (ie, cumu_a_time)
and (iv) predictions decrease as students score higher on the overall persistence score. For
example, as cumu_ a_time increases beyond 60, the mean predicted value of SRI, holding
all else as observed, sharply decreases by over 10 points, indicating a cut score around 60
in the RF model and a negative relationship between cumu_a_time and SRI.

TABLE 2 Random forest regression performance

Model N r R? MAE (% of error) RMSE (% of error)
SRI 42 54% 28% 4.4 (15%) 5.0 (17%)
SBST 41 31% 0.2% 5.7 (19%) 7.0 (23%)
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TABLE 3 Mostand least important features

SRI (3.643) SBST (2.244)
cumu_a_time (3.939) rapid (3.085)
comp_average (3.861) comp_mg1 (3.021)
comp_co5 (3.837) cumu_a_time (2.944)
comp_gmd4 (3.810) comp_co5 (2.929)
persistence_score (3.806) comp_average (2.751)
comp_cob6 (3.795) n_tutorial (2.700)
n_attempt (3.658) n_failed_att (2.327)
complete_active (3.657) revisits (2.317)
total_snapshot (3.653 complete_active (2.314)
p_puz_no_basic (3.653) n_puzzle (2.303)
non_per (3.651) total_manipulate (2.292)
revisits (3.646) n_attempt (2.279)
RQ2

On average, male students scored higher on both external measures
(1 =195, = 1483, =14.67,.9 = 11.65). These differences were significant for both meas-

sbst
ures (df,,; =42, F,=1.777, p,;= 0.1896, df ., = 39, F,, = 1.834, p,,; = 0.1835). Considering

S
the better of the two models (SRI), the model performance at predicting this external meas-
ure was slightly better for female than male students (Table 4). However, the difference
between correlations (r* and r&) was not significant (z = 0.919, p = 0.179). Given the limits

of the sample size, it appears, cautiously, that Shadowspect has comparable reliability/
precision for both female and male students.

RQ3

Students' self-reported enjoyment of playing Shadowspect had a positive relationship with
their overall competency as measured by the game (comp_average), even when controlling
for either external measure of prior spatial reasoning (Table 5). On average, each 1-point
increase in enjoyment (one level higher across a set of 5-point Likert scales) corresponded
with an increase of about 0.06 in competency score (six percentage points higher across
a set of percentile measures). However, knowing a student's enjoyment of the game does
no better at understanding the student's persistence (persistence _score) or time on task
(cumu_a_time) than simply controlling for either external measure.

DISCUSSION

In this paper, we apply learning analytics techniques to evaluate the psychometric quali-
ties of a GBA called Shadowspect, providing evidence for its validity and generalizability.
In addition, we examined the extent one's enjoyment with the game affects the validity of
Shadowspect as an assessment. Our findings suggest that we have sufficient evidence for
the validity of Shadowspect as an assessment of spatial reasoning skills for middle school
students. In-game, feature—based, Random Forest models used to predict two external
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FIGURE 2 Partial dependence plots of top features, with pearson correlation coefficients

TABLE 4 SRImodel performance by gender

Gender N R R? MAE (% of error) RMSE (% of error)
Male 18 34% 2.6% 5.3 (18%) 5.6 (19%)
Female 24 58% 27% 3.7 (12%) 4.4 (15%)

measures, SRI and SBST, have good model performances indicating that Shadowspect not
only gets at the overall spatial reasoning skill but also a sub-facet, spatial visualization.
Regarding the most influential features, the RF models for SRl and SBST have similar sets
of variables. Both models included scores from the learner modelling algorithms that Shad-
owspect uses (ie, Elo scores and persistence) and features that were engineered rather than
raw telemetry data. Our findings also indicate that Shadowspect as a whole has comparable
reliability/precision for both male and female students, although the evidence is quite weak.
Given the gender gap has been a persisting concern for spatial reasoning tests, further
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TABLE 5 Enjoyment-related ANOVA Results. Nested model ANOVAs predicting comp_average (a, b),
predicting persistence_score (c, d), predicting cumu_a_time (e, f), controlling for the SRI external measure (a, c,
e) and controlling for the SBST external measure (b, d, f)

a, a, b, b, Co c,
Intercept -0.0576 0.0308 -0.2939 -0.2946 68.2956 68.3527
External measure 0.0394 0.0307 0.0637 0.0595 -0.7164 -0.7220
Enjoyment 0.0632 0.0672 0.0408
R? 0.126 0.222 0.370 0.493 0.105 0.105
F 5.028** 9.410*** 0.00458

d, d, (-3 e, i ii;
Intercept 65.9487 65.9506 69.8038 69.9303 67.4475 67.4489
External measure -0.6868 -0.6756 -0.7788 -0.7913 -0.7771 -0.7691
Enjoyment -0.1775 0.0904 -0.1265
R? 0.102 0.105 0.116 0.116 0.121 0.122
F 0.08856 0.02124 0.04252

**p<0.05; **p<0.01.

investigation with a larger sample size is needed to fully understand how the set of features
used to create spatial reasoning models can be generalizable.

Lastly, our findings indicate that the validity and generalizability of the game can be influ-
enced by the extent one enjoyed playing the game. Our nested ANOVA models indicate
that one's enjoyment significantly affects one key feature, comp_average, but not features
associated with time on task or persistence. This finding is consistent with what others have
reported regarding how one's motivation and engagement with the task affect the validity of
the assessment (Sundre & Wise, 2003; Wise, 2006). In our work, we caution this in terms of
fairness, especially related to equal opportunities to learn in the classroom. That is, teachers
who are using Shadowspect in classrooms should account for some students simply not
enjoying playing the game, and therefore, any suggestions from the assessment for ‘low
proficiency’ should be interpreted with this caveat in mind. This is especially relevant given
that female students' disadvantage associated with games and spatial reasoning tasks is
known, thus teachers need to consider to what extent all students, not just male students and
self-identifying gamers, enjoy playing the chosen game and how the teacher can accommo-
date those students who simply might not enjoy playing the game.

The present study provides a few implications for game-based learning and assessment.
First, empirically investigating the psychometric qualities of the game-based learning system
using learning analytics techniques can provide an opportunity for researchers and develop-
ers to understand how the students interacted with the game and how valid and reasonable
one's inferences about students learning in the game may be. Second, while the underlying
premise of game-based learning and assessment is that young people enjoy playing games
and have positive associations with games, we should not assume that all students will
enjoy playing games, especially when used in classroom settings. Therefore, game-based
learning and assessment researchers need to carefully examine how certain students might
be ultimately disadvantaged from the game-based system. Similarly, these qualities of the
GBA need to be clearly communicated to the teachers, so teachers can provide appro-
priate pedagogical accommodations for those students. Furthermore, while these issues
were investigated in the context of games in the present work, our findings can be broadly
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applicable for similar EdTech genres such as VR and Simulations as these technologies also
rely on students' problem-solving processes in highly interactive and data-rich environments.

This study has a few limitations. First, Shadowspect is currently not developed in a way
that students who need visual or auditory accommodations can play. Therefore, our sample
excludes students with such disabilities. Second, because of the difficulty getting students
consented, we ended up with a data set of only 44 students with an unbalanced number of
males and females. Future work with a larger sample size can provide stronger evidence
regarding the validity and generalizability of Shadowspect as an assessment of spatial
reasoning. Third, while the gender difference is a well-documented concern in the literature
of spatial reasoning and game-based learning, the current study did not investigate how it
plays out in Shadowspect, nor how teachers can use Shadowpect in classrooms to support
female students. Future studies can further investigate how the teachers who implement the
game in classrooms need to consider these psychometric qualities of Shadowspect to not
further penalize female students. For example, teachers can ensure that female students
are spending sufficient time playing the tutorial and easy puzzles until they are fully ready
to move onto more challenging puzzles. Teachers also could have pairs of male and female
students collaboratively play a few puzzles first and debrief different strategies that the pairs
used. Third, without proper teacher training regarding how these algorithms work and how
female students might need additional support, there is a real danger of reinforcing teachers'
existing biases.

CONCLUSION

GBA gained popularity over the past decade, and its use has been increasing for various
purposes, from formative use in the classroom to high-stakes hiring decisions. Like any
other form of assessment, GBA needs to provide evidence for its psychometric qualities to
support valid use in practice. Learning analytics practices offer a new way to investigate such
qualities and are particularly useful for aggregating what the game intends to assess using
numerous clickstream data. Our work further supports what the fields of learning analytics
and GBA have been claiming, that we need an interdisciplinary approach to assessment
in complex, data-rich, technology-enhanced learning environments such as digital games.
Furthermore, this work is the first to investigate how games can be used to assess spatial
reasoning skills, particularly related to the gender differences that have been well docu-
mented in the previous literature.
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ENDNOTES
' Video trailer of Shadowspect: https://youtu.be/jiw_bOvFNzM.

2 Playable version of Shadowspect: https://fielddaylab.wisc.edu/play/shadowspect/.
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