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ABSTRACT 
Certain commercial games train spatial skills, a subset of cognitive 
skills used in school, the workplace, and everyday life. However, it 
is difcult to design spatial skill training games without knowing 
why some games are efective. In addition, existing game training 
studies do not analyze motivational factors for critical target pop-
ulations. We conducted a study comparing spatial skill training 
efects and enjoyment for low spatial skill students on three train-
ing interventions: the computer game Homeworld Bound: Redux, 
digital spatial workbook exercises, and an active control group. We 
found no training efects for any intervention, but performance 
in certain game levels predicted spatial skill, and low spatial skill 
students enjoyed the game more than the workbook exercises. We 
provide three design recommendations for spatial skill training 
games based on our fndings: use asymmetry for object manipula-
tion tasks, require explicit 2D to 3D representation translation, and 
employ time pressure for navigation tasks. 

CCS CONCEPTS 
• Human-centered computing → User studies; Usability test-
ing; Empirical studies in HCI; • Applied computing → Inter-
active learning environments. 
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1 INTRODUCTION 
Spatial skills are a subset of cognitive skills essential to performing a 
wide range of tasks in everyday life. They determine an individual’s 
ability to understand the spatial relationships both between and 
within objects in their environment [74] and are essential for re-
membering important locations like stores, schools, and residences 
and routes to and from them. Spatial skills are also required for 
policy decisions at all levels of government, such as determining 
borders, organization of infrastructure, and allocation of funds for 
public transit systems [22]. A wide variety of careers require the 
use of spatial skills; they are one of the strongest predictors of suc-
cess in STEM majors and careers independent of math and verbal 
ability [77], and are essential in non-STEM disciplines like art and 
design as well. More broadly, spatial skills are necessary for the 
interpretation of diagrams, maps, graphs, or other visualizations 
that aid in visual problem-solving [50]. 

Despite their importance in everyday life and many career paths, 
spatial skills have been largely neglected in the development of 
standardized school curriculae [15, 78]. However, video games have 
shown promise as tools for training players’ spatial skills. A variety 
of commercial video games have demonstrated empirical efective-
ness in spatial skill training, including Medal of Honor: Pacifc 
Assault [18, 20], Super Mario 64 [38, 52], Marble Madness [3, 69], 
and Tetris [55, 57, 71]. However, other commercial games, such 
as the cognitive training game Lumosity [43], have failed to show 
training efects [63]. 

While non-game spatial skill training interventions have also 
demonstrated empirical efectiveness in classroom environments 
[32, 65, 66], video games have an advantage as training intervention 
in that they are designed to harness the power of intrinsic moti-
vation to keep players engaged without any extrinsic incentives 
like cash payment or course credit [44, 61] typically used in deploy-
ments of non-game spatial skill training interventions. Thus, games 
are likely to be more appealing to students than non-game spa-
tial training interventions, which typically utilize multiple choice 
questions and sketching exercises [32, 64]. 
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However, it is not well understood why some video games are 
efective at training spatial skills and some are not since the vast ma-
jority of games being studied are commercial games, in which it is 
very difcult or impossible to isolate and test the efcacy of specifc 
game features. This, in turn, makes it very difcult to determine 
what features to include to ensure a game is efective at training. 
Another concern with the overwhelming use of commercial video 
games in the spatial skill training game literature is that they do 
not scale well; they must be purchased individually and may not 
be afordable for public school districts on tight budgets trying to 
prepare their students for success in future STEM coursework. 

Research on game-based spatial skill training also tends to focus 
exclusively on training efects without considering how well a 
game works for its target audience - both in terms of training and 
motivation to play. Students with low spatial skill stand the most 
to gain from spatial training interventions given that their spatial 
skill becomes a barrier to STEM majors as they progress from 
high school to college [73, 80], and women consistently make up a 
disproportionate number of those with low spatial skill [5, 40, 42]. 
These important demographic groups may not enjoy the kinds of 
games that are most frequently studied in the spatial skill training 
literature [58, 80, 85], which could remove the fun from the game 
experience and thus remove one of the key advantages games have 
over other training interventions. In addition, students with low 
spatial skill may fnd a spatial skill training game too difcult if it is 
not designed with low spatial skill students in mind and evaluated 
with them as well. 

To fll these gaps in the research literature, we conducted a con-
trolled study evaluating the training efectiveness and motivational 
benefts of a non-commercial spatial skill training game designed 
around a set of theoretically grounded spatial game features: Home-
world Bound: Redux [79]. The game was evaluated in comparison to 
a set of more traditional workbook-based spatial training exercises 
and an active control group that completed a graphics programming 
assignment. As part of the evaluation, we conducted a data-driven 
investigation of the extent to which diferent combinations of spa-
tial game features were able to tap into players’ spatial skills via 
a regression analysis of the relationship between initial level of 
spatial skill and in-game performance in each level. Our study was 
conducted in the context of an introductory course in computer sci-
ence designed for non-STEM majors (a low spatial skill population) 
in order to evaluate the intervention in a player-centric manner 
[70, 76] - with the population that stands the most to beneft from 
spatial skill training interventions. The study utilized a pre/post-
test structure; students completed a standardized test of spatial 
skills, spent about 70 minutes on their assigned spatial training in-
tervention, completed a short questionnaire about their experience 
with the intervention, and then completed the standardized test 
again as part of their coursework. 

We found that low spatial skill students enjoyed the game-based 
intervention more than the non-game spatial exercises and that 
performance in specifc levels of Homeworld Bound: Redux pre-
dicted students’ current levels of spatial skill. While we found no 
evidence that any of the three tested interventions improved low 
spatial skill students’ performance on the test of spatial skills and 
no practically signifcant diferences in improvement or enjoyment 
based on demographic factors or initial level of spatial skill, our 
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data-driven analysis of each level of the game provided insights 
about which parts of the game were most efective at tapping into 
players’ spatial skills and which were least efective. These fndings 
allow us to provide specifc design recommendations for improving 
the efcacy of game-based spatial skill training interventions: 1) 
use asymmetry in object manipulation tasks, 2) require explicit 
translation from 2D to 3D environmental representations, and 3) 
employ time pressure for navigation tasks. 

2 RELATED WORK 

2.1 Methods of Spatial Skill Training 
Spatial skills are somewhat unique among cognitive skills in that 
training often transfers to a variety of diferent tasks. The two most 
common methods of training spatial skills are spatial task training 
programs conducted in the context of a course [49, 59, 65, 66] and 
digital games. A meta-analysis by Uttal et al. showed both to be 
equally efective with an overall moderate efect size (� = 0.47) [74]. 
However, game-based interventions provide an advantage in the 
form of a motivational element [44, 61]. 

Action video games, characterized in the cognitive training lit-
erature by high speed gameplay and the requirement to quickly 
attend to multiple moving objects on the screen [26], have been 
distinguished as one of the more efective genres of games for train-
ing spatial skills. Action games such as frst person shooters (the 
Medal of Honor series [1, 18] and Unreal Tournament [19]) and the 
arcade games Stellar 7 [17] and Battlezone [4] have been shown to 
train players’ spatial skills [7, 20, 21, 23, 24, 48]. Commercial games 
from other genres have also been shown to train spatial skills in 
controlled studies, such as Crazy Taxi [13, 31], Portal 2 [63, 75], and 
Tetris [55, 57, 71]. 

However, Lumosity [43], a suite of minigames designed specif-
cally to train a wide range of cognitive skills, including spatial skills, 
failed to produce training efects in a controlled study [63]. Why 
games not designed to train spatial skills are efective at training 
them but Lumosity is not remains unclear, and likely will unless 
some attempt is made to manipulate and test specifc game fea-
tures in isolation, a difcult proposition with pre-built commercial 
games. 

Non-commercial games present a way of overcoming this limita-
tion, but very little research to date has investigated their training 
efects. Two recent training studies have evaluated non-commercial 
frst person VR games utilizing tangibles and found training efects 
[10, 46]. However, these studies are preliminary work with small 
sample sizes focusing more on evaluating the player experience 
than the game’s training efectiveness. In addition, VR and tangibles 
are difcult to scale across a large population of students and public 
school districts with tight budgets. 

In this work, we contribute theoretical knowledge about the efec-
tiveness of a spatial skill training game designed around a specifc 
set of theoretically grounded spatial game features in a controlled 
study with a sample size large enough to observe reliable training 
efects. In addition, we compare the game-based intervention to 
not only an active control group activity, but also to an existing 
non-game intervention shown to train students’ spatial skills [65] 
in order to evaluate whether the game-based intervention provides 
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added value in terms of training efectiveness or enjoyment over 
more traditional spatial training exercises. 

2.2 Game Features Related to Spatial Skills 
To understand why some games are efective at training spatial 
skills and others are not, it is essential to understand what specifc 
game features may be contributing to a game’s efectiveness. Nu-
merous studies have found that those who play action video games 
frequently tend to have higher spatial skills than those who do not 
[9, 20, 24]. Adams and Mayer investigated this relationship with 
a specifc action game, Unreal Tournament 2004 [19], and found 
that overall performance in Unreal Tournament was more related 
to players’ spatial skill than their performance in the non-action 
game Tetris [2, 57]. 

However, only two studies that we are aware of have conducted 
a more fne-grained analysis of specifc game features related to spa-
tial skills. In a study where participants completed a simple object 
location and navigation game utilizing the Virtual Morris Water 
Maze, Castell et al. found that higher spatial skill was associated 
with lower search time and longer dwell time in the correct location. 
However, when proximal navigation cues were introduced to the 
environment, the association between performance on the task and 
spatial skill vanished [16]. 

A diferent study by Wauck et al. analyzed the correlation be-
tween spatial skill and performance in diferent levels of a frst 
person exploration and 3D object construction game, Homeworld 
Bound. They found that in certain object construction levels, fewer 
rotation operations, fewer errors, and less time to complete were 
associated with higher spatial skill. In certain exploration levels, 
completion time was associated with spatial skill in the same way 
[81]. However, the number of participants in this study was small 
for a correlation study (� = 20) and participants were children, so 
the fndings may not be generalizable to older populations. 

We extend this fne-grained analysis of spatial skill and perfor-
mance to the new and untested version of Wauck et al.’s spatial skill 
training game, Homeworld Bound: Redux, with a large sample of its 
intended target population of low spatial skill young adults. Our 
evaluation of the relationship between spatial skill and level-by-
level performance contributes theoretical knowledge about what 
combinations of game features are successful at tapping into play-
ers’ spatial skills as well as data-driven recommendations about 
how these features should be implemented in spatial skill training 
games to improve their training efcacy. 

2.3 Spatial Skill Training and Demographic 
Factors 

Given the importance of spatial skills in everyday life, from naviga-
tion to interpreting visualizations [22, 50], those with low spatial 
skill are at a disadvantage compared to those with more developed 
spatial skills. This is especially true for those considering careers 
in STEM, as longitudinal research has shown that spatial skills are 
one of the strongest predictors of success in STEM, independent of 
math and verbal ability [62, 77]. Low spatial skills may therefore 
serve as a barrier to entry to STEM disciplines, causing students 
to avoid STEM majors or drop out of them [67, 77]. Attaining a 
certain level of spatial skill may be enough to help low spatial skill 
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students succeed in introductory STEM coursework and transition 
to more domain-specifc knowledge [28, 36, 68, 73]. Thus, students 
with low spatial skill are likely to beneft the most from spatial skill 
training interventions [45, 73]. 

Demographic factors such as gender and prior gaming experi-
ence afect spatial skill such that women [5, 40, 42] and those who 
do not play action video games frequently [9, 20, 24, 25] make up a 
disproportionately large percentage of those with low spatial skill. 
These demographic factors also interact with each other; prior work 
has shown that men tend to play more action video games than 
women [14, 33, 82, 85]. Most video games are designed with a male 
target audience in mind and therefore the game content may not 
appeal as much to women and girls [29, 33]. Therefore, women 
and those who do not play action games frequently (lower spatial 
skill populations) may not be as motivated to play the action games 
that have been shown to be efective at training spatial skills in the 
research literature, such as Unreal Tournament [19, 23] and Medal 
of Honor [1, 7, 18, 20]. 

Demographic factors may impact training efectiveness as well. 
The efect of gender in game-based spatial skill training interven-
tions is mixed; some studies have found that women and men im-
prove equally with a game-based spatial skill training intervention 
[5, 27], while others have found that women improve more than 
men [12, 13, 20]. In addition, Terlecki et al. found that women who 
reported low levels of spatial activities (including computer/video 
game play) improved their spatial skills with a game intervention 
more slowly than men and women with high levels of spatial activ-
ities [71]. 

Given the potential these demographic factors have to infu-
ence both the training efectiveness of a spatial skill training game 
and the motivation to engage with it, it is critical to ensure that 
such interventions are efective and motivating for low spatial skill 
demographic groups that may be less interested in playing the ex-
isting commercial action games shown to be efective for a general 
population. Ensuring spatial skill training games are efective and 
motivating for low spatial skill students may also be one way of 
reducing the persistent gender gap in STEM [41]. 

Thus far, little attention has been paid in the research literature 
to the impact of motivational factors that may infuence a game’s 
training efectiveness, particularly for low spatial skill populations 
[20, 67]. We aim to fll this gap in knowledge by conducting a player-
centric [70, 76] evaluation of a spatial skill training game with its 
intended target population of low spatial skill young adults. Our 
evaluation analyzes not just the game’s training efectiveness but 
also how fun it is for its target population - the main advantage 
games have over other types of training interventions. In addition, 
we conduct a separate analysis of the game’s training efects and 
motivational benefts for specifc low spatial skill demographics 
(women and infrequent video game players). Since one of the end 
goals of our evaluation is to provide design recommendations for 
spatial skill training games, our player-centric analyses give mem-
bers of low spatial skill populations a chance to provide feedback 
on the game and play an active role in informing the design of 
future spatial skill training games designed for them. 
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3 RESEARCH QUESTIONS 
The research questions we investigate center around evaluating 
the non-commercial spatial skill training game Homeworld Bound: 
Redux in terms of enjoyment and training efectiveness for its 
designated target population of low spatial skill undergraduate 
students. We chose to evaluate this game in particular given that it 
is designed around a set of varied and theoretically grounded spatial 
features and thus the game provides an opportunity to evaluate the 
efectiveness of diferent combinations of spatial game features at 
tapping into players’ spatial skills. 

RQ1a: How enjoyable for low spatial skill undergraduate stu-
dents is Homeworld Bound: Redux compared to non-game spatial 
training exercises and a placebo activity? 

RQ1b: What is the relationship between enjoyment of each 
training intervention and current spatial skill level, prior gaming 
experience, and gender? 

RQ2a: How efective is Homeworld Bound: Redux compared to 
non-game spatial training exercises and a placebo activity at train-
ing the spatial skills of undergraduate students with an initially low 
level of spatial skill? 

RQ2b: What is the relationship between spatial skill improve-
ment in each training condition and current spatial skill level, prior 
gaming experience, and gender? 

RQ2c: What is the relationship between spatial skill and perfor-
mance in levels of Homeworld Bound: Redux with diferent combi-
nations of spatial features? 

4 METHODS 
To answer our research questions, we conducted a training study 
in the context of an introductory computer science course for non-
STEM majors. We decided to conduct the study with this class 
because its students were likely to have lower spatial skill than av-
erage given that spatial skill tends to be higher among engineering 
and other STEM majors [77]. Another advantage to conducting the 
study in this course was the large class size, which enabled us to 
be more confdent in our estimates of efect size and do follow-up 
subgroup and correlation analyses. We launched the study at the 
very beginning of the course in August 2019. All study activities 
were incorporated into the class as assignments by the instructor 
and were graded for completion only. 

Students took a spatial skill pretest in the frst week of class, 
an online version of the Revised Visualization of Rotations Test 
(PSVT:R) (Figure 1) [86]. The online version was created by our 
research team and automatically randomizes the order of questions 
and answer choices each time the test is taken to reduce test-retest 
efects. We logged the time spent on the test as a way of check-
ing whether students took the test seriously. If a student failed to 
answer all 30 questions on the test within the specifed time limit 
of 20 minutes, they were redirected to a page telling them they 
were fnished, and their answers for the remaining questions were 
marked as blank. Students were also asked to report any technical 
difculties they encountered while taking the test to the instructor 
or researchers. At the end of the test, the platform displayed the 
number correct out of 30 but did not grade the result. 

One week after taking the test, students participated in a training 
intervention in their lab section. Since there were 15 lab sections, 
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we assigned 5 sections to each of the following three training con-
ditions: Homeworld Bound: Redux, Spatial Exercises, and Python 
Graphics. For more details about each training condition, see the 
following subsection. When choosing which sections to assign to 
which condition, we controlled for time of day and day of week (en-
suring sections at diferent times of day and days of the week were 
as evenly distributed as possible over the three conditions), and after 
this did our best to ensure that conditions were evenly distributed 
over diferent teaching assistants (some teaching assistants taught 
multiple sections). We did not randomly assign individual students 
to conditions since seeing other students in the same section doing 
a diferent intervention might afect students’ performance and 
motivation on theirs. 

At the beginning of the lab period, students were informed that 
since spatial skills are strong predictors of success in computer 
science courses, they would be completing a spatial activity. Stu-
dents then worked on their assigned intervention for 70 minutes of 
the 80 minute lab period, or until they fnished the activity. Once 
the 70 minutes were up or students had fnished the activity, they 
were directed to complete the enjoyment subscale of the Intrinsic 
Motivation Inventory (IMI), a well-validated measure of intrinsic 
motivation for a task [47, 60, 72] consisting of 7 7-point Likert scale 
questions. We asked students to rate enjoyment in order to compare 
not only training efects, but also students’ motivation to do the 
activity, across conditions. If students fnished their intervention 
before the class ended, teaching assistants checked the assignment 
for completion and reasonable efort and then allowed students to 
leave once they had completed the IMI. 

A week after completing the intervention, students were asked 
to take an online post-test and demographic questionnaire. The 
post-test was the same as that used for the pretest. After completing 
the post-test, students read an informed consent form and were 
given the option to allow the use of their data for this study. Lastly, 
students completed the questionnaire, which included questions 
about gender, growth mindset, what kinds of games (digital or 
otherwise) they played most often, and how much time they spent 
weekly playing video games. Asking these questions allowed us to 
perform more detailed subgroup analyses of training efects. 

Our dependent measure for RQ1a and RQ1b was enjoyment as 
measured by the IMI, and our dependent measure for RQ2a and 
RQ2b was pretest to post-test score improvement. Our independent 
measures for these research questions included prior gaming expe-
rience and gender (RQ1b and RQ2b only) as well as the training 
condition (Homeworld Bound: Redux, Spatial Exercises, or Python 
Graphics), which we describe in more detail below. For RQ2c, our 
dependent measure was pretest score, and our independent mea-
sures were aspects of performance in Homeworld Bound: Redux 
(level completion time, number of attempts, and number of errors). 

4.1 Training Interventions 
4.1.1 Homeworld Bound: Redux. Homeworld Bound: Redux is a frst 
person, online computer game designed to train spatial skills and to 
be appealing to low spatial skill young adults [79]. Game features 
relevant to spatial skills were proposed from a set of features in 
other video games that have been empirically demonstrated to train 
players’ spatial skills, such as the object rotation required in Tetris 
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Figure 1: A sample question from the PSVT:R test of mental 
rotation. Participants are shown an exemplar fgure before 
and after being rotated a certain way and must decide which 
of the answer choices results from performing the same ro-
tation on the second exemplar fgure. 

and the frst person navigation required in games such as Portal 2 
and Medal of Honor [7, 18, 20, 55, 57, 63, 71, 75]. 

The proposed features were then mapped to an existing taxon-
omy of spatial skills developed by Chatterjee [11], adopted by other 
spatial skill researchers [51, 74], and supported by empirical evi-
dence [30, 34, 35, 37]. This taxonomy categorizes spatial skill along 
two dimensions: intrinsic-extrinsic (information about a specifc 
object versus information about the relations between a group of 
objects) and static-dynamic (fxed information versus information 
about how something is changing over time) [11]. 

The resulting mapping produced a set of four spatial game fea-
tures, which were then incorporated as the game’s core gameplay 
mechanics: object rotation (rotating 2D or 3D in-game objects rela-
tive to the player), object alignment (aligning matching surfaces on 
objects to ft them together), landmark orientation (orienting oneself 
in frst person by using nearby visual landmarks), and navigation 
visualization (visualizing one’s path to get from one point to an-
other in an environment before beginning the movement). Object 
rotation and object alignment correspond to the intrinsic-dynamic 
quadrant of Chatterjee’s taxonomy, while landmark orientation 
and navigation visualization correspond to the extrinsic-static and 
extrinsic-dynamic quadrants, respectively. 

The game’s premise is that the player is stranded after a crash on 
an alien planet and must explore and salvage scraps from the sur-
rounding environment with which to rebuild their ship. Gameplay 
alternates between two modes (see Figure 2): Exploration Mode, 
where the player explores a 3D environment in frst person, col-
lecting scrap parts from the environment, and Construction Mode, 
where the player constructs useful items out of the scrap parts they 
have collected piece by piece by choosing parts to attach, rotating 
them to align correctly, and then pushing and "fusing" them to-
gether. Constructed items can then be used in Exploration Mode to 
access new areas of the game and progress. Exploration Mode was 
designed to incorporate the landmark orientation and navigation 
visualization spatial game features, while Construction Mode was 
designed to incorporate the object rotation and object alignment 
features. 

CHI PLAY ’20, November 2–4, 2020, Virtual Event, Canada 

Before constructing an item, the player must frst collect parts 
for and build four batteries, which are designed to be simpler warm-
up levels preparing the player to build the item that will allow 
them to access a new area. Battery construction levels tend to 
have fewer parts than item construction levels, and limit only the 
number of rotations the player can perform on parts, while item 
construction levels limit both rotations and time. If the player runs 
out of rotations (or time, when applicable) in a Construction Mode 
level, the player must restart the level. Similarly, Exploration Mode 
levels where the player is collecting battery parts have no time 
limit, while Exploration Mode levels where the player is collecting 
item parts have a time limit and a static map that must be used to 
navigate to all the item parts within the time limit. 

We chose to study the training efects of Homeworld Bound: Redux 
because while multiple papers have been published about its design 
and development process [79, 81], it has not yet been evaluated for 
training efectiveness or for its purported benefts as a training tool 
more motivating than traditional spatial training exercises for low 
spatial skill students. In addition, since the game contains detailed 
reporting of in-game player behavior and performance data for 
each level, we can analyze to what extent the features of each game 
level are actually tapping into players’ pre-existing spatial skill to 
look for clues as to how diferent levels may be contributing more 
or less to the game’s training efectiveness. 

4.1.2 Spatial Exercises. We included a more traditional non-game 
spatial training condition to determine if Homeworld Bound: Redux 
does indeed ofer advantages in terms of motivation, as claimed by 
its designers, over more traditional methods of spatial skill training. 
Our non-game spatial intervention was a subset of the digitized 
version [84] of Sorby’s spatial skill training exercises for frst year 
engineering students [64, 66]. Since these exercises were designed 
for engineering majors, who typically have higher spatial skill than 
students in non-STEM majors [77], we selected six sets of the easiest 
exercises that targeted spatial subskills most similar to the ones 
targeted by Homeworld Bound: Redux in order to make a fairer 
comparison between the two interventions. The exercises we chose 
focused on visualizing cross sections of objects, revolving solids 
about axes, and mental rotation around multiple axes (see Figure 2 
for an example of each kind of exercise). The quantity of exercises 
was chosen so that students would take at least an hour to fnish 
them based on our prior experience using the digital version in 
engineering classrooms. 

4.1.3 Python Graphics. The third training intervention in our study 
was designed to be more of a regular classroom activity for the 
course we administered the study within - a simple programming 
lab using Python’s Turtle graphics library, which enables lines and 
shapes to be drawn on a canvas with simple Python commands. 
This lab was chosen for this study among other labs in the course 
because it appeared to be a spatial activity. However, we considered 
it unlikely to train the kind of spatial skills we were studying given 
that the activity was confned to drawing simple 2D shapes such 
as squares and triangles (students’ main tasks were to draw a line, 
draw a square, and draw an equilateral triangle next to the square), 
which we felt would not develop students’ generalizable mental 
rotation skills. The lab was designed to be completable within the 
70 minute lab session for all students. 
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Figure 2: Sample screens from the two spatial training interventions. Lef: screenshots of Exploration Mode (A) and Construc-
tion Mode (B) in Homeworld Bound: Redux. Right: Examples of three question types used in the Spatial Exercises intervention: 
Choosing the 2D object that produced the shown 3D solid of revolution (C), determining which operation has been performed 
on the two intersecting objects shown on the left to produce the object on the right (D), and selecting which of the answer 
views on the right is produced by performing the two indicated 90 degree axis rotations on the fgure on the left (E). 

5 RESULTS 

5.1 Data Cleaning 
In total, 545 students completed all parts of the study (pretest, in-
class training intervention, IMI enjoyment subscale, post-test, and 
demographic survey), and 490 (90%) consented to have their data 
used for this study. Within this group, we removed the data of 
students who experienced technical problems taking the pretest or 
post-test (31). In order to determine which students did not take 
the test seriously, we analyzed the relationship between time spent 
on the test and test score. We chose time spent versus test score as 
our metric of test taking efort since students took the test on their 
own time outside of class, were not graded on their performance 
on the test, and presumably would not spend much time on each 
question if they were not taking the test seriously. 

Via plot inspection, we observed a positive correlation between 
time spent and test score for those who spent a low amount of time 
on the test up until a certain threshold such that no one who spent 
less time than the threshold scored above around 15 points. For 
the pretest, this threshold was at about 8 minutes, whereas for the 
post-test it was about 5 minutes. Therefore, we omitted the data 
of all students who spent less than 8 minutes on the pretest or less 
than 5 minutes on the post-test since they used far less time than 
they were given and received a low score. This criteria eliminated 
116 additional students from our dataset (48 in the game condition 
and 34 in each of the other conditions), leaving us with a total of 
343 students in our dataset. 

A large number of unanswered questions on the test might also 
indicate that students had not taken the test seriously if they started 
it and then let the clock run out while they did something else. Over-
all, 26 students failed to answer all 30 questions for either the pretest, 
posttest, or both. The mean number of questions left unanswered 
in this group was 3.3 and the average test score was 15.67. Given 
that no students answered less than 63% of test questions and that 
their average score was well above the level of chance, we did not 
remove these students from our dataset since it is likely they were 
taking the test seriously. 

5.2 Participant Characteristics 
Of the students in our cleaned dataset, 59% identifed as male, 40% as 
female, with the remaining 1% identifying as nonbinary, genderfuid, 
or gender non-conforming or not specifying. Students’ self-reported 
hours of video game play per week were mostly evenly distributed 
between the four lowest answer choices: 0 hours, Less than 1 hour, 1-
2 hours, and 3-7 hours per week, with 51% of the sample answering 
either 0 hours or less than 1 hour. Scores on the spatial skill pretest 
had a roughly normal but left-skewed distribution ranging from 
4 to 30 (perfect score), and scores overall (� = 16.44, median = 17) 
were lower than the cutof used in previous engineering research 
for identifying low spatial skill students (18/30 or 60%) [56, 65]. 
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5.3 Enjoyment (RQ1a and RQ1b) 
To determine which spatial training condition was most motivating 
for low spatial skill students, we analyzed the data of the subset of 
students who scored 18 points out of 30 (60%) or lower on the spatial 
skills pretest (� = 202). Of these students, 72 were in the Spatial 
Exercises condition, and 65 were in each of the two remaining con-
ditions (Homeworld Bound: Redux and Python Graphics). We used 
this cutof since it is the same one Sorby et al. and Onyancha et al. 
used to determine if engineering students’ spatial skills fell below a 
desired level of competence [56, 65]. As a check, we performed the 
same analyses using a 21/30 cutof that is used by engineering pro-
fessors at our university to identify frst year engineering students 
in need of extra spatial skill training, and found that the results did 
not materially difer between the two thresholds. 

With this sample of low spatial skill students, we performed a 
one-way ANOVA, with average IMI score as the dependent variable 
and treatment condition as the independent variable. Cronbach’s 
� for the IMI was 0.93, indicating good reliability, and inspection 
of diagnostic plots confrmed that assumptions of normality and 
homoscedasticity were met. The ANOVA revealed a signifcant 
efect of treatment on IMI score (� (2, 196) = 21.54, � < 0.0001). 
A posthoc Tukey test showed that all pairwise diferences were 
signifcant; the Python Graphics condition (� = 4.90) was rated 
higher than both the Spatial Exercises (� = 3.44, � = 1.23, � < 
0.0001) and Homeworld Bound: Redux (� = 4.20, � = 0.52, � = 
0.0076), and Homeworld Bound: Redux was rated higher than the 
Spatial Exercises (� = 0.56, � = 0.0027) (Figure 3). Thus, low spatial 
skill students reported enjoying the Python Graphics condition the 
most, but enjoyed Homeworld Bound: Redux more than the Spatial 
Exercises (RQ1a). 

To determine what individual characteristics and demographic 
factors may have infuenced enjoyment of training interventions, 
we conducted one linear regression for each training condition, with 
IMI enjoyment score as the dependent measure and pretest score, 
weekly hours of video game play, and gender as predictors. Since 
the group of participants who specifed a gender other than male 
or female was too small to include in a linear regression analysis 
(� = 3), we removed them from the dataset for the purposes of this 
analysis, but otherwise used our entire dataset (� = 340). For each 
linear regression analysis, we report the standardized regression 
coefcient � in addition to the unstandardized regression coefcient 
� to aid in efect size comparisons between coefcients. 

In the Homeworld Bound: Redux condition, there were no signif-
cant predictors of enjoyment. The model overall was signifcant, 
but had a low �2 value (adjusted �2 = 0.056, � (3, 100) = 3.05, 
� = 0.032). For the Spatial Exercises condition, only pretest score 
was a signifcant predictor of enjoyment (� = 0.040, � = 0.20, 
� = 2.27, � = 0.025) such that those with higher pretest scores 
enjoyed the intervention more, and the model was signifcant (ad-
justed �2 = 0.14, � (3, 119) = 7.61, � = 0.00011). In the Python 
Graphics condition, there were no signifcant predictors of enjoy-
ment. The model overall was signifcant but had a low �2 value 
(adjusted �2 = 0.047, � (3, 106) = 2.78, � = 0.045). Thus, those with 
higher pretest scores enjoyed the Spatial Exercises condition more, 
but there were no other signifcant predictors of enjoyment in any 
training condition (RQ1b). 

CHI PLAY ’20, November 2–4, 2020, Virtual Event, Canada 

Figure 3: Average Intrinsic Motivation Inventory (IMI) rat-
ings of enjoyment for each training intervention. The scale 
asked students to indicate the degree of agreement with a 
set of 7 statements. Higher ratings correspond to more en-
joyment. 

5.4 Training Efects (RQ2a and RQ2b) 
To answer the question of how training efectiveness compared 
across conditions for low spatial skill students, we ran an ANCOVA 
with post-test score as the dependent variable, treatment condition 
(Homeworld Bound: Redux, Spatial Exercises, or Python Graphics) as 
the independent variable, and pretest score as a covariate, using the 
same low spatial skill subset of the sample used in the enjoyment 
analysis. Based on inspection of diagnostic plots and interaction 
efects analysis, ANCOVA assumptions of normality, homoscedas-
ticity, linearity, and homoegeneity of regression slopes were met. 
There was no signifcant efect of treatment condition on post-test 
score, controlling for pretest score (� (2, 198) = 0.33, � = 0.72) 
(RQ2a). 

To determine what individual characteristics and demographic 
factors may have infuenced training efectiveness in each condi-
tion, we conducted three linear regressions (one for each treatment 
condition) with pretest to post-test spatial skill improvement as 
the dependent measure and pretest score, weekly hours of video 
game play, and gender as predictors using the same dataset as in 
the demographic analysis for enjoyment. Based on inspection of di-
agnostic plots, linear regression assumptions of linearity, normality, 
and homoscedasticity were met, and variance infation factors were 
less than 2 for all linear regressions, indicating no multicollinearity 
problems. 

In the Homeworld Bound: Redux condition, pretest score (� = 
−0.19, � = −0.26, � = −2.64, � = 0.0096) was the only signifcant 
predictor of spatial skill improvement such that those who did worse 
on the spatial skills pretest improved more from pretest to post-test. 
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However, the overall model was not signifcant and had a low �2 

value (adjusted �2 = 0.037, � (3, 103) = 2.36, � = 0.076). For the 
Spatial Exercises condition, pretest score was the only signifcant 
predictor (� = −0.37, � = −0.43, � = −5.03, � < 0.0001), but 
unlike in the Homeworld Bound: Redux condition, the overall model 
was signifcant (adjusted �2 = 0.18, � (3, 119) = 9.89, � < 0.0001). 
Similarly, for the Python Graphics condition, pretest score was the 
only signifcant predictor (� = −0.34, � = −0.43, � = −4.93, � < 
0.0001), and the overall model was signifcant (adjusted �2 = 0.16, 
� (3, 106) = 8.15, � < 0.0001). In summary, the only predictor of 
pre- to post-test spatial skill improvement was pretest score across 
all three conditions, although the overall model was not signifcant 
in the Homeworld Bound: Redux condition (RQ2b). 

5.5 Spatial Skill and In-Game Performance 
(RQ2c) 

To understand the relative efectiveness of diferent parts of Home-
world Bound: Redux at tapping into players’ spatial skills and dis-
cover potential ways of improving the game’s training efectiveness, 
we conducted a regression analysis investigating the relationship 
between students’ performance in Homeworld Bound and their 
current level of spatial skill, as measured by pretest score, while 
controlling for prior gaming experience. There were a total of 107 
students in the Homeworld Bound: Redux condition. However, a 
series of unreproducible browser crashes during the study caused 
a loss of player performance data for a subset of students in this 
condition. These crashes afected the data of 31 students, so after 
eliminating these students, we were left with � = 76 students for 
the linear regression analysis. For all regression analyses in this 
section, inspection of diagnostic plots, linear regression assump-
tions of linearity, normality, and homoscedasticity were met for 
each regression, and variance infation factors were less than 2, 
indicating no multicollinearity. 

The number of levels students completed in Homeworld Bound: 
Redux varied widely, ranging from a minimum of 5 to a maximum 
of 20. On average, students completed 10.45 levels (median: 9.5), 
and the distribution was heavily skewed towards the low end of 
the range (only a handful of students completed a large number of 
levels). Our frst analysis evaluated whether performance in Home-
world Bound: Redux as a whole, as measured by number of levels 
completed, was related to current spatial skill level. We performed 
a linear regression analysis for this purpose with pretest score as 
the dependent measure, number of levels completed as the inde-
pendent variable, and self-reported weekly hours of video game 
play (as a measure of prior gaming experience) as a covariate. The 
model was signifcant overall (adjusted �2 = 0.21, � (3, 73) = 10.73, 
� < 0.0001). Levels completed was a signifcant predictor of pretest 
score (� = 0.73, � = 4.33, � < 0.0001), while weekly video game 
hours was not (� = −0.03, � = −0.061, � = 0.95). 

To get a more fne-grained understanding of how performance 
in Homeworld Bound: Redux was related to current spatial skill level, 
we conducted a series of regressions looking at the relationship 
between students’ spatial skill pretest score (dependent measure) 
and performance in individual Homeworld Bound: Redux levels 
(predictor) while controlling for prior gaming experience (covariate). 
Since the number of students who had completed more than 8 levels 

Wauck, et al. 

was signifcantly smaller than the generally recommended sample 
size for linear regression [83], we analyzed performance for only 
the frst 8 levels (the frst 4 levels of Exploration Mode and the frst 
4 levels of Construction Mode). 

Since the frst 4 levels of Exploration Mode (Exploration B1-
Exploration B4) are battery part collection levels and therefore 
contain no timed levels, the only measure of performance in these 
levels is completion time. Furthermore, since parts can be collected 
in any order in Exploration Mode and an Exploration Mode level 
ends each time a certain number of battery parts have been collected, 
we decided to also conduct a regression treating all 4 battery part 
collection levels as one big level (Exploration All). Since none of the 
frst 4 Construction Mode levels (Construction B1-Construction B4) 
are timed levels either, the measures of performance for these levels 
are number of attempts, completion time, and number of errors 
made. Every time the player must restart a Construction Mode level 
due to running out of rotation operations, a new attempt is counted. 
An error is counted whenever the player attempts to attach two 
parts together in Construction mode and either a) has selected two 
parts that cannot be attached to each other, b) has selected two 
parts that can be attached to each other, but has selected the wrong 
areas on each part to attach, or c) has selected the correct areas on 
each part to attach, but one of the parts is not rotated correctly to 
align with the other so they can be pushed together. We performed 
one linear regression per performance measure per level, for a total 
of 17 linear regressions. 

The results of the regression analysis are summarized in Table 
1. Overall, better performance in most Construction Mode levels 
was associated with higher spatial skill pretest scores even after 
controlling for prior video game experience, especially for B2 and 
B3, but performance was not associated with spatial skill pretest 
score in any Exploration Mode levels (RQ5). Weekly hours of video 
games played was not signifcantly associated with pretest score in 
any linear regression. Performance was comparable across levels 
except for B1 having noticeably fewer average errors and taking 
less time to complete (see Table 2). 

6 DISCUSSION AND FUTURE WORK 

6.1 The Game is More Enjoyable than Spatial 
Exercises 

Overall, we found that low spatial skill students enjoyed Homeworld 
Bound: Redux more than the other intervention intended to train 
spatial skills, Spatial Exercises (RQ1a), with a medium efect size 
(� = 0.56, 0.76 points on a 7 point scale). This fnding provides 
evidence that the game-based intervention Homeworld Bound: Redux 
provides motivational benefts over more traditional workbook 
exercises. However, it is interesting to note that the active control 
activity, the Python Graphics lab, was enjoyed more than either 
of the training interventions. This may be due to low spatial skill 
students preferring less spatially demanding activities. Another 
possibility is that the activity might have been easier to complete 
than the other two; many students fnished this activity in 20-30 
minutes, while students in the Spatial Exercises condition typically 
took 30-35 minutes, and students playing Homeworld Bound: Redux 
had enough content to play for the entire 70 minute lab period. 



                   

                   
                  

                       
                      

            

              
            

      
         

Table 1: Summary of regression analysis results for frst 8 Homeworld Bound: Redux levels (Exp = Exploration, Con = Construc-
tion). � is the unstandardized regression coefcient, � is the standardized regression coefcient. *� < � without Bonferroni 
correction (� = 0.05), **� < � with Bonferroni correction (� = 0.05/17 = 0.0029) for � coefcients. �-values less than 0.0001 are 
reported as 0.0001. Time is measured in seconds. Exp All refers to the combined “All Batteries" level. For the sake of brevity, 
� and � values for weekly video game hours are not shown. 
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   � (adj)  

Coefcient  values  Model  Values  

Level  Measure  � �  t p 2 df  F  p  

Exp  B1  Time  0.0038  0.078  0.67  0.51  0.0084  73  1.32  0.27  
Exp  B2  Time  −0.0099  −0.10  −0.85  0.40  0.012 73  1.45  0.24  
Exp  B3  Time  −0.0066  −0.11  −0.97  0.34  0.011 72  1.39  0.25  
Exp  B4  Time  −0.0019  −0.085  −0.65  0.52  −0.0068  58  0.80  0.46  
Exp  All  Time  −0.00095  −0.053  −0.39  0.70  −0.011 58  0.66  0.52  
Con  B1  Attempts  −0.58  −0.19  −1.62  0.11  0.037 73  2.44  0.094  
Con  B1  Time*  −0.0069  −0.26  −2.27  0.026  0.068 73  3.73  0.029  
Con  B1  Errors*  −0.29  −0.25  −2.20  0.031  0.062 72  3.43  0.037  
Con  B2  Attempts**  −0.83  −0.43  −4.07  0.00012  0.19  73 9.60  0.00020  
Con  B2  Time**  −0.0080  −0.46  −4.46  0.0001  0.22  73 11.33  0.0001  
Con  B2  Errors*  −0.090  −0.27  −2.38  0.020  0.074 73  4.00  0.022  
Con  B3  Attempts**  −1.16  −0.41  −3.58  0.00068  0.16  62 7.09  0.0017  
Con  B3  Time**  −0.0071  −0.50  −4.49  0.0001  0.23  62 11.33  0.0001  
Con  B3  Errors*  −0.10  −0.32  −2.68  0.0094  0.091 62  4.22  0.019  
Con  B4  Attempts  −0.13  −0.047  −0.31  0.76  −0.039 45  0.13  0.88  
Con  B4  Time  −0.0014  −0.087  −0.56  0.58  −0.034 45  0.24  0.79  
Con  B4  Errors  0.022  0.064  0.42  0.64  0.0074  45  −0.037  0.85  

Table  2:  Median  and  mean  performance  on  frst  8  Homeworld  
Bound:  Redux  levels.  Time  is  measured  in  seconds.  

    

     
     
     
     

     
     
     
     

     
     
     
     

    
     
     
     

Measure Mean Level Median 

Exp B1 Time 108.36 138.83 
Exp B2 Time 72.80 91.23 
Exp B3 Time 137.15 147.99 
Exp B4 Time 196.72 308.97 

Con B1 Attempts 2 2.71 
Con B2 Attempts 3 3.67 
Con B3 Attempts 3 3.6 
Con B4 Attempts 3 3.04 

Con B1 Time 292.23 325.36 
Con B2 Time 378.34 448.89 
Con B3 Time 709.69 827.83 
Con B4 Time 482.02 579.46 

Con B1 Errors 3.5 5.53 
Con B2 Errors 5.5 11.43 
Con B3 Errors 13.0 18.12 
Con B4 Errors 6.0 10.67 

Analyzing  potential  demographic  diferences  in  enjoyment  re-
vealed  that  pretest  score  was  a  signifcant  predictor  of  intervention  
enjoyment,  but  only  in  the  Spatial  Exercises  condition.  In  addition,  
the  efect  size  for  this  predictor  was  too  small  to  have  practically  
useful  predictive  power.  With  a  standardized  regression  coefcient  
of  0.20  for  pretest  score,  an  increase  of  four  standard  deviations  

(24.52 points on a test with a maximum score of 30 points) on the 
pretest corresponds to an increase of just 1 point on the enjoyment 
rating scale (out of 7 points). 

Thus, we found no evidence that the demographics analyzed 
in our experiment infuenced enjoyment of training intervention 
(RQ1b) in any practically signifcant way. However, this fnding 
may simply be due to the fact that there was not enough time in the 
70 minute training period we used to produce measurable training 
efects for any participants. More research with a longer interven-
tion time is needed to determine if any efects of demographics 
might become visible in the longer term for enjoyment. In addition, 
future work should investigate other demographic variables that 
might afect students’ enjoyment of a particular spatial skill train-
ing intervention, such as socioeconomic status and preferred types 
of video games, both of which have been shown to be related to 
spatial skill in previous work [8, 23, 39, 58]. 

6.2  Short  Term  Training  Yields  No  Training  
Efects  

We  found  no  evidence  of  a  training  efect  for  any  intervention  
(RQ2a).  While  our  training  period  of  70  minutes  was  short  for  
a  cognitive  training  study,  other  controlled  studies  have  found  
spatial  skill  training  efects  using  training  times  of  an  hour  or  less  
[10,  13,  46].  However,  one  key  diference  between  these  other  short  
interval  training  studies  and  ours  was  that  each  of  them  conducted  
pretests,  interventions,  and  post-tests  within  a  very  short  time  
period  (all  in  the  same  day  for  Mazalek  et  al.  and  Chang  et  al.,  and  
within  48  hours  for  Cherney  et  al.).  Spacing  our  pretest,  intervention,  
and  post-test  of  spatial  skills  out  to  ensure  that  there  was  at  least  
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a week long gap between the pretest and the intervention and 
between the intervention and the post-test allowed us to minimize 
possible test-retest efects and test longer term transferability of 
our training interventions. Therefore, it is likely that spatial skill 
training lasting an hour or less results in only short term training 
efects, whereas longer training periods are necessary to observe 
lasting training efects. Future work should evaluate Homeworld 
Bound: Redux’s training efectiveness with a longer training period, 
spaced across multiple weeks as in other spatial skill training studies 
[6, 7, 20, 23, 24, 63]. 

Our analysis of demographic predictors of pretest to post-test 
improvement found that those with lower pretest scores improved 
more on the post-test in all three conditions. The standardized 
regression coefcients for pretest score in each condition ranged 
from -0.26 to -0.43, indicating that an increase of one standard 
deviation (5.83 points) on the pretest would predict a decrease of 
anywhere between 1.08 points and 1.77 points in pretest to post-test 
improvement. This somewhat modest infuence is likely due to a 
ceiling efect since there is more room for improvement on lower 
pretest scores than on high ones and the efect was observed in 
all three conditions. Therefore, as in our analysis of demographic 
predictors of enjoyment, there were no practically signifcant efects 
of demographics on training efectiveness (RQ2b). Future work is 
needed to investigate whether demographic infuences on training 
efectiveness might appear with longer term training interventions. 

It is possible that our results may have been afected by our use 
of time spent taking the test as the sole measure of test efort rather 
than an explicit attention check question. To see if any students 
who would have likely failed an explicit attention check question 
remained in our dataset, we looked for repetitive answer patterns 
on pretest and posttest data and found 9 students with repetitive 
patterns of question answering (answering the same choice for 
almost all questions). Our time spent metric had already removed 
all but one of these data points from the dataset. Reanalysis of 
the data showed that none of our results materially changed after 
removing this additional data point. 

6.3 Only Construction Tasks Tap Into Spatial 
Skills 

Our regression analysis revealed that most Construction Mode lev-
els in Homeworld Bound: Redux tapped into players’ spatial skills. 
The relationship between in-game performance and spatial skill 
was particularly strong in the B2 and B3 levels for number of at-
tempts and completion time, where the largest efect sizes were 
found (see Table 1). Thus, the game mechanics of object rotation 
and object alignment appear to be spatial as implemented in the B2 
and B3 levels. However, performance in the B1 level had a weaker 
association with spatial skill, and performance in the B4 level had 
no signifcant association with spatial skill. The B1 level may have 
been too easy to adequately tap into players’ spatial skills given 
that performance in this level seemed to be better than in B2 and 
B3 (see Table 2). It is also possible that the learning curve involved 
in learning how to play afected performance more than spatial 
skill since B1 was the frst Construction Mode level. 

Another more likely possibility is that players are using the 
shapes of the 2D attachment areas on parts to align them rather than 

Wauck, et al. 

Figure 4: Examples of 2D attachment area shapes in lev-
els B1-B4 in Homeworld Bound: Redux’s Construction mode. 
Glowing green areas indicate the attachment areas the 
player is currently trying to align by rotating one of the 
parts. In levels B1 and B4, the 2D shapes are simpler and 
more symmetric, potentially reducing the need to employ 
mental rotation skills to complete the level. 

the 3D shapes of the parts themselves. In the B1 and B4 levels, these 
attachment areas are generally rectangular or triangular, whereas in 
the B2 and B3 levels, they are more complex and contain substantial 
asymmetry (see Figure 4). When determining how a part should be 
rotated to line up its attachment area with the corresponding area 
on another part, the more complex attachment shapes in B2 and 
B3 likely require more mental rotation efort than the simpler and 
more symmetrical shapes found in B1 and B4. 

Performance in Exploration Mode levels was not predictive of 
spatial skill. Given that several games successful at training spatial 
skills require the player to navigate a 3D environment in frst per-
son [20, 23, 63] (e.g. Unreal Tournament [19], Portal 2 [75], Medal 
of Honor: Pacifc Assault [18]), it is somewhat surprising that no 
Exploration Mode levels tap into spatial skills given its emphasis 
on frst person navigation. It may be that the navigation task in the 
frst four Exploration Mode levels was too easy, so players could 
wander around until they found all the parts, eliminating the need 
to use landmark orientation. Another possibility is that the envi-
ronment had enough proximal landmark cues that players’ need to 
engage their spatial skills was reduced, a phenomenon observed in 
prior work on navigation games [16]. 

A third possibility is that the presence of a map may be crucial 
for ensuring players engage spatial skills. First person shooters like 
Unreal Tournament [19] as well as other navigation-based games 
shown to train spatial skills like the Segway Circuit minigame in Wii 
Fit [53] have minimaps the player must use to orient themselves 
in the environment. Some later Exploration Mode levels designed 
to tap more into players’ navigation visualization skills include a 
static map of the environment, a time limit, or clues that depict the 
location of parts, which may force players to be more strategic in 
their navigation. Future work is needed to explore the relationship 
between performance and spatial skill on these later levels to test 
this hypothesis. 
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7 DESIGN RECOMMENDATIONS 
Since our fndings revealed that Homeworld Bound: Redux players 
may be using nonspatial strategies for completing certain levels of 
the game and thus not exercising and developing their spatial skills 
as intended by the game’s designers, our design recommendations 
for improving the efcacy of spatial skill training games all center 
around the general principle of incentivizing spatial strategy use. 

7.1 Asymmetrical Object Manipulation 
First, since our data suggests Homeworld Bound: Redux players 
may have been mentally rotating the simpler 2D shapes on object 
faces instead of the objects themselves in Construction Mode lev-
els, we recommend using visually complex, asymmetrical shapes 
for all object rotation and object alignment tasks in spatial skill 
training games, including any 2D shapes embedded within objects 
(demarcated by diferent colors or borders, for example, as in the 
attachment areas on parts in Construction Mode levels). Simpler, 
more symmetric shapes like rectangles and triangles that require 
less efort to mentally rotate should be avoided. 

7.2 Explicit Translation from 2D to 3D 
Representations 

Requiring players to perform translations from 2D to 3D represen-
tations might be another way to increase the difculty of mental 
rotation tasks in games involving construction tasks like Homeworld 
Bound: Redux’s Construction Mode. If the player must rely entirely 
on a separate 2D diagram showing what the fnished construction 
is supposed to look like to decide what parts to attach where, they 
will have to engage their spatial skills in a diferent manner, using 
mental perspective-taking to convert the parts visible in the 2D 
diagram (perhaps an isometric or top-down view) to their 3D rep-
resentations in the game environment. Determining what rotations 
are necessary to achieve the alignment of parts shown in the dia-
gram could also engage players’ mental rotation skills. One way of 
ensuring the player is required to use the 2D diagram to build an 
object might be to make the shapes and sizes of all parts identical. 

Since we found no evidence that the frst four levels of Explo-
ration Mode in Homeworld Bound: Redux tapped into players’ spatial 
skills, we recommend incorporating some sort of map use to pre-
vent players from engaging in nonstrategic wandering that does 
not tap into their spatial skills in games with landmark orientation 
and navigation visualization tasks where the player has to explore 
in frst person and collect items or navigate to specifc locations. 
Pictorial clues showing a screenshot or drawing of a destination 
and immediate surroundings (like those used to locate places where 
the player can recover memories in The Legend of Zelda: Breath of 
the Wild [54]) could be used in combination with environmental 
elements that make it impossible or very difcult to fnd items or 
locations without using landmark orientation to fgure out where 
to go to see the view of the item shown in the clue. Designers 
of spatial skill training games incorporating landmark orientation 
and navigation visualization tasks should also limit the presence 
of proximal landmark cues in the game’s environment since their 
presence may reduce the need for players to exercise their spatial 
skills while navigating [16]. 
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7.3 Employ Time Pressure for Navigation 
Tasks 

Incorporating map use into a frst person navigation game would 
likely need to be combined with some sort of time pressure in 
order to motivate players to use the map and engage their spatial 
skills instead of wandering randomly until they fnd what they are 
looking for. Time pressure could be achieved by having players 
be chased by enemies, an environmental hazard (e.g. a food, the 
rolling stone in Indiana Jones) or by simply giving players a fxed 
amount of time to navigate through the environment. While the 
relationship between spatial skill and performance in Homeworld 
Bound: Redux’s Construction Mode levels demonstrates that time 
pressure is not necessary to tap into spatial skills for object rotation 
and object alignment tasks, it is possible that time limits could 
provide a way of increasing the difculty of a level that is too easy. 

8 LIMITATIONS 
The chief limitation of this work is that the training interval we used 
was only 70 minutes, a product of our decision to sacrifce training 
time for a larger sample of low spatial skill students. In addition, the 
Spatial Exercises and Python Graphics exercises did not take the 
full class period as intended for most students, so average training 
duration was even shorter in these conditions. This also might have 
afected enjoyment ratings; students who enjoyed the activities less 
may have rated shorter ones higher. The short training duration 
we used in our study also limited the number of Homeworld Bound: 
Redux levels students could get through in the allotted training time. 
Furthermore, our ability to analyze the prior gaming experience of 
students was limited by our use of one self-report question about 
average weekly hours of video game play as a proxy for this metric. 
Adding more detailed prior game experience data, such as preferred 
game genres, may have yielded diferent results. 

9 CONCLUSION 
In this work, we investigated the training efectiveness and enjoy-
ment of a non-commercial computer game designed to train spatial 
skills, Homeworld Bound: Redux, among low spatial skill undergrad-
uate students over a 70 minute training period. Low spatial skill 
students reported enjoying Homeworld Bound: Redux more than 
the workbook exercises, and neither gender nor amount of gaming 
experience practically infuenced training efectiveness or enjoy-
ment. We found no training efects of the training intervention. 
However, spatial skill was associated with performance on certain 
levels of Homeworld Bound: Redux emphasizing object manipulation 
operations, but not on levels emphasizing navigation. Our results 
provide insights for game designers, educators, and researchers 
about which game features are better at tapping into players’ spa-
tial skills and how these insights can be used to design and revise 
spatial skill training games to improve their training efectiveness. 
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