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Abstract: This investigation was conducted to empirically measure how intentional spatial reasoning training
using the Minecraft (Mojang, 2016) virtual 3D building system might improve the spatial intelligence of
elementary students. The ability to make spatial judgment and visualize has been shown to be a strong
indicator of students’ future achievement in STEM-related courses. Further, research has also shown that
relatively short training exercises can close the spatial reasoning gap between males and females. Therefore,
the intent of this investigation is to determine if inclusion of the Minecraft-based design challenges that target
specific spatial skills differentially influence learners’ spatial abilities compared to less targeted game play.
Data collection and analysis will focus on which design challenges most positively influence spatial skills,
and how learning varies by gender. Data collection is currently underway and findings will be shared in the
full proceedings.

Introduction

The U.S. has historically produced the world’s top scientists and engineers, which has led to technological
innovations that have been the primary driver of our economy. STEM innovations are responsible for over half of
the economic growth in the U.S. over the past 50 years and have led to safer working conditions and increased
wages for the entire workforce (Casey, 2012). The demand for the STEM workforce is expected to increase by 20%
over the next decade making it one of the largest growth sectors in the U.S. Data from the U.S. Bureau of Labor and
Statistics (BLS, 2014) project that occupations related to STEM will increase by 1 million jobs within the next
decade (Vilorio, 2014). Therefore, we must ask how we maintain our technological leadership and train an
expansive workforce by building STEM capacity, while increasing the quantity of workers with STEM related skills.
Compounding the need for a thriving STEM workforce in the U.S. is today’s global economy in which emerging
countries are investing heavily in STEM education (NSB, 2012). This is creating an increasingly competitive
environment for U.S. businesses.

A large body of research indicates that spatial ability is critical to success in STEM fields, and can predict
success in STEM-related college courses (Sorby, Casey, Veurink, & Dulaney,2014; Sorby 2000). Further, a gap
exists between boys’ and girls’ spatial abilities and skill development. Even when their academic grades are similar
(Wang & Degol, 2013), spatial visualization skills are less developed in middle school girls than in boys (Ben-
Chaim, Lappan, Houang, 1988; Maeda & Yoon, 2013; Sorby, 2009). Spatial ability varies greatly across contexts
and learners (Hsi, Linn & Bell, 1997). As research has shown that girls routinely perform lower than boys (Hill,
Corbett, & St. Rose, 2010; Hsi, et al., 1997; Hungwe, Sorby, Molzon, Charlesworth & Wang 2014; Maeda & Yoon,
2013, McGee, 1979), some researchers have investigated whether these differences are biological or environmental
(Ben-Chaim et al., 1988; Newcombe, 2010), finding that these gender gaps can be remediated, even with
abbreviated interventions (Hill et al., 2010; Hsi et al., 1997; Sorby, 2009).

A number of educational interventions and instructional strategies have been used to successfully improve
visual spatial skills in students from middle school to college age (Ben-Chaim et al., 1988; Hungwe et al., 2014;
Sorby & Baartmans, 2000). One type of intervention that holds particular promise are video games (Wouters, van
Nimwegen, van Oostendorp, & van der Spek, 2013). Researchers have shown that playing digital games, especially
first-person shooter-style games, can significantly impact students’ spatial skills (Clark, Tanner-Smith &
Killingsworth, 2016; Green & Bavelier, 2003 and 2007; Martin-Dorta et al., 2014; Nguyen & Rank, 2016; Sorby,
2009). Clark et al. (2016) theorized that this was due to the benefit of playing in an anthropomorphic, first person,
environment, and that this syntonic perspective affects a variety of social, perceptual and cognitive tasks (Clark et al.,
2016). Little research has been conducted on the visual-spatial impact of other first-person games, like Minecratft,
which engages players in positioning and moving blocks to create structures (Mojang, 2016). Minecraft also
leverages collaborative game play. Collaborative play has been found to be generally more effective than individual
play, with single-player competitive games being the least effective for learning gains (Clark et al., 2016; Wouters et
al., 2013). Indeed, competitive play has been shown to increase the cognitive load on students, causing them to learn
content less effectively (Nebel, Schneider, and Rey, 2015). Minecraft can be an openly collaborative game
(Niemeyer & Gerber, 2015), with some versions, like MinecraftEdu, allowing the teacher to contain the
collaboration to the classroom (Mojang, 2016). Our intervention will be designed for collaborative play.



Strengthening students’ spatial intelligence can help develop confidence and content-specific self-efficacy. Since
self-efficacy is one of the strongest indicators of motivation and performance, intervening early may have a
significant impact on building STEM confidence among pre-adolescent students. Each design challenge will be
appropriately scaffolded so that learners are provided, in a pedagogically sound manner, the instruction needed to
support growth in each targeted spatial skill and increase self-efficacy.

Theoretical Framework: Spatial Ability

We have couched our investigation in the theoretical and empirical research relevant to spatial ability.
Educational psychologists argue that spatial ability plays a central role in learning and creativity (Ganley, Vasilyeva,
& Dulaney, 2014; Kell, Lubinski, Benbow & Steiger, 2013; Gardner, 1983, 1999, 2011; Tzuriel & Egozi, 2010).
Widespread agreement exists that a developed spatial ability is a core component of intellectual ability (Thurstone,
1938), as well as a precondition needed for learning (Maeda & Yoon, 2012). Despite agreement on the critical
nature of spatial ability, there are a broad range of operationalized definitions for spatial thinking. Some suggest that
spatial ability is “the ability to generate, retain, retrieve and transform well-structured visual images” (Lohman 1996,
p. 112); others argue that it is a diverse set of skills that involve generating and manipulating mental representations
of objects (Ganley, Vasilyeva, & Dulaney, 2014; Kahle, 1983; Miller & Bertoline, 1991). Further complicating the
dialogue about spatial ability are the diverse terms used to describe it. Whereas some researchers use terms like
spatial ability and spatial skills (Sorby, 1999, 2000; Lohman, 1996), others use spatial visualization (Kahle, 1983;
Linn & Peterson, 1985), and others spatial intelligence (Gardner, 1983, 1999, 2011). For our project, and because of
common usage, we use the term spatial skills to frame our work. According to Sorby (1999), spatial abilities are
what we are born with; they are innate. Skills, on the other hand, are things that can be learned. We hypothesize that
our Minecraft-based intervention will improve spatial skills such as rotation and mental cutting. Although many
theories exist for how adolescents develop spatial skills, researchers have found that sketching 3-dimensional objects,
like the type of activities that engage a 3D environment like Minecraft, substantially assist development of spatial
skills (McKim, 1980; Sorby & Baartmans, 1996; Sorby & Gorska, 1998; Field, 1994; Bowers & Evans, 1990).

Research Questions

Although a variety of designs exist for building K-12 learners’ spatial skills, one approach lacking
substantial current research is that of using the Minecraft virtual 3D building system to develop those abilities.
Therefore, this investigation was conducted to empirically measure how intentional spatial reasoning training using
the Minecraft virtual 3D building system improves spatial intelligence of elementary learners. The ability to make
spatial judgment and visualize has been shown to be a strong indicator of middle school students’ future
achievement in STEM-related courses. Spatial intelligence has also been shown to be one of the only areas in which
females perform worse than males, with noticeable differences emerging in the middle school years. This spatial
reasoning gap can potentially reinforce stereotypes about gender roles in certain male dominated fields such as
engineering and computer science, thus exacerbating the lack of gender diversity in the STEM workforce. However,
research has also shown that relatively short training exercises can close the spatial reasoning gap between males
and females. As such, a portable, technology-based spatial training system that can be easily deployed in middle
school can have a considerable impact in improving STEM achievement of all learners, but especially of female
students.

Therefore, the intent of this investigation is to determine if inclusion of the Minecraft-based design
challenges that target specific spatial skills differentially influence learners’ spatial abilities compared to less
targeted game play. In addition, data collection and analysis will focus on which design challenges most positively
influence spatial skills, and how learning varies by gender. The researchers will use the following two research
questions to guide the inquiry: Does a Minecraft-based intervention that targets specific spatial reasoning tasks
improve elementary learners’ spatial ability?

The Study

In the Fall of 2016 and early Spring of 2017, a land grant university located in the Northern Rocky
Mountain region partnered with a local school to deliver a spatial-skills focused and Minecraft-based intervention to
upper elementary learners. Upper elementary students were selected as the target learners for several key reasons.
First, research indicates that middle school serves as a critical junction in students’ STEM interests, especially in
girls (Girl Scouts Research Institute, 2012; UMass Donahue Institute, 2011). Therefore, a spatial skills intervention
designed for learners as they prepare to exit elementary school and enter middle school could leverage the
development of the spatial skills and help grow interest and efficacy in STEM. Research also suggests that it is



critical students become interested in STEM before they enter high school so they will then enroll in courses that
will prepare them for STEM majors and careers. Secondly, research indicates that middle school is where the gap in
spatial abilities tends to emerge in boys versus girls, with spatial skills typically less developed in middle school
girls than they are in middle school boys (Ben-Chaim, Lappan, Houang, 1988; Maeda & Yoon, 2013; Sorby, 2009).
And finally, the extent of valid and reliable instruments for measuring spatial skills in K-12 learners tends to be most
appropriate for elementary age learners. By using upper elementary students as our target population, the most
appropriate instruments will be available for measuring spatial skills growth.

Minecraft and Spatial Skills Intervention Overview

Participants will engage in a series of design challenges that each include an explicit task that addresses a
design problem a STEM professional in that career might face in their day to day work. Each task will be designed
to address a specific spatial skill. Each module will be tightly aligned to NGSS standards, cross-cutting concepts,
and practices. Modules include: 1) Molecule Art Park, which will highlight careers in chemical engineering, and
address the spatial skill of rotation; 2) Build A Bridge, which will highlight careers in civil engineering, and address
the spatial skill of mental slicing; 3) Eclipses, which will highlight careers in astronomy, and address the 2D to 3D
transformation spatial skill; and 4) Crash Reconstruction, which will highlight careers in physics, and address the
spatial skill of perspective taking. Specific descriptions of one example design challenge follow in Table 1,
including a Minecraft example.

Table 1. Examples of the Challenges, Possible Minecraft Designs, and Spatial Skills Instrument Items

Example Module - Build a Bridge (Spatial Skill: Mental Slicing)

STEM Career: Civil Engineer | Spatial Skill: Mental Slicing

Civil engineers design solutions for everyday life. They design roads, buildings, bridges, and airports. Your
challenge is to build a bridge over the gorge you see in front of you. Notice that one side of the gorge is rough rock,
the other side is smooth. Make sure the bridge will be big enough and strong enough to carry many vehicles at once.
Once you have built your bridge, create a sculpture of what the bridge would look like if you sliced it down the
middle. People going over the bridge will be able to see this, and they will feel safer knowing your cross sectional
design process.

NGSS Alignment - DCI: Define the criteria and constraints of a design problem with sufficient precision to ensure
a successful solution, taking into account relevant scientific principles and potential impacts on people and the
natural environment that may limit possible solutions. SP: Define a design problem that can be solved through the
development of an object, tool, process, or system and includes multiple criteria and constraints, including scientific
knowledge that may limit possible solutions. CC: All human activity draws on natural resources and has both short
and long term consequences, positive as well as negative, for the health of people and the natural environment.

Minecraft Examples

Sample Item from the Mental Cutting Test (MCT) (College Entrance Examination Board [CEEB], 1939)

A E c D E




Minecraft was selected as the primary environment for intervention delivery for several key reasons. First,
we intend to capitalize on the explosive interest in Minecraft around the globe, including new efforts to make
Minecraft readily available, and safer, for classroom use (Thompson, 2016). Minecraft provides a learning platform
that has a high probability for continued broad-scale development and use. Second, Minecraft allows us to align
with new directions in recent gaming research in which focus has shifted to using non-action games, like Minecraft,
can improve cognitive abilities such as spatial skills (Nguyen & Rank, 2016). Third, we intend to leverage the
capacity for Minecraft to readily combine multiple modalities, including video, into a transmedia curriculum. And
lastly, research suggests that 3D-based games like Minecraft can significantly influence learners’ development of
spatial skills (Sorby, 2009).

Methodology

For this investigation, learners (n = 60) from four different third and fourth grade classrooms will engage in
a series of spatial skills interventions. Learners will be randomly assigned to either the control or treatment group,
stratified by gender, whose experience will differ only in the actual Minecraft challenges they are given. For the
treatment group, Minecraft challenges will target the four specific spatial skills outlined in Table 2. The control
group will receive similar, but less spatially-complex tasks, not targeted at a specific spatial skill. For example, the
treatment group might be tasked with building a sliced section of a bridge over a gorge. Conversely, the control
group might be tasked with building just the bridge over the gap. Students will then complete a design challenge
within the Minecraft learning environment relevant to that particular spatial skill. A pretest/posttest experimental
design will be used to assess the effect of the treatment on both spatial skills and STEM interest. For each task, an
instrument measuring the targeted spatial skill will be administered to learners both before and after the task to
assess change in that particular spatial skill, as well as the STEM Semantics Survey to assess change in interest in
STEM. Because changes in spatial skills can be detected even after brief interventions, a post-test immediately
following the intervention should be sufficient to confirm any gains in spatial skills. Table 2 provides an overview of
the spatial skills and STEM interest measurements that will be used.

Table 2. Instruments to use in Pre/Post capacity & Corresponding Skill/Construct Measured

Instrument Spatial Skill
Purdue Spatial Visualization Tests: Visualization of Rotations (Maeda & Yoon, 2013) | Rotation

Mental Cutting Test (MCT) (College Entrance Examination Board [CEEB], 1939) Mental Slicing
Perspective Taking Test for Children (Frick, Méhring, & Newcombe, 2014) Perspective Taking
Diagrammatic Representation Test (Frick, A., & Newcombe, N. S, in press) 2d to 3d

STEM Semantics Survey (Tyler-Wood, Knezek, & Christensen, 2010) STEM interest

Data will be entered and cleaned for analysis, and the entire research team will collaborate in data analysis.
Specifically, data will be analyzed using analysis of covariance (ANCOVA) methods to test for significant
differences between treatment groups on changes in spatial skills and STEM interest. Using pretest scores as a
covariate, ANCOVA will allow us to determine the difference in post-test scores by treatment group controlling for
pre-test scores, as well as whether pre-test scores differ significantly from post-test scores. ANCOVA methods are
appropriate for testing differences between experimental groups on a continuous dependent variable where a single
covariate has been identified to be controlled for, and random assignment has mitigated other confounding variables
(Agresti & Finlay, 2009). Effect sizes will be calculated using Cohen’s d for the ANCOVA to estimate the
magnitude of the treatment effect. Unlike significance tests (e.g. T-tests), these indices are independent of sample
size, and can be used to confirm the significant differences due to an overly strong observed effect of the Minecraft-
based spatial skills intervention.

Preliminary Findings
Data collection is currently underway and findings will be shared in the full proceedings.

Preliminary Conclusions
Once data have been collected and analyzed, interpretation, conclusions, limitations, and implications for
research and practice will be shared in the full proceedings.

References



ACT (2015). The Condition of STEM 2015. Retrieved from
http://www.act.org/content/dam/act/unsecured/documents/National-STEM-Report-2015.pdf

Agresti, A., & Finlay, B. (2009). Statistical Methods for the Social Sciences (4" ed.). Upper Saddle River, NJ: Prentice Hall.

Ben-Chaim, D., Lappan, G., & Houang, R. T. (1988). The effect of instruction on spatial visualization skills of middle school
boys and girls. American Educational Research Journal, 25(1), 51-71.

Bowers, D.H., & Evans, D.L. (1990). The role of visualization in engineering design. Proceedings of the NSF Symposium on

Modernization of the Engineering Design Graphics Curriculum, Austin, TX, pp. 89-94.

Bureau of Labor Statistics, (2014). Occupational Employment Statistics, U.S. Department of Labor, May 2014.

Casey, B., (2012). STEM Education: Preparing for the Jobs of the Future, A Report by the (U.S. Congress) Joint Economic
Committee Chairman’s Staff Senator Bob Casey, April 2012.

Cheryan, S., Master, A., & Meltzoff, A.N. (2015). Cultural stereotypes as gatekeepers: increasing girls’ interest in computer
science and engineering by diversifying stereotypes. Frontiers in Psychology, 6(49), p. 1-8. doi:
10.3389/fpsyg.2015.00049

Clark, D., Tanner-Smith, E., Killingsworth, S. (2016, March). Digital Games, Design and Learning: A Systematic Review
and MetaAnalysis. Review of Educational Research, 86(1), 79-122. doi 10.3102/0034654315582065.

Deci, E. L., & Ryan, R. M. (1985). The general causality orientations scale: Selfdetermination in personality. Journal of
Research in Personality, 19, 109-134.

Department for Professional Employees (DPE, 2014). The STEM Workforce: An Occupational Overview, Fact Sheet, March
2014.

Diekman, A. B., Clark, E. K., Johnston, A.M., Brown, E.R., & Steinberg, M. (2011). Malleability in communal goals and
beliefs influence attraction to STEM careers: Evidence for a goal congruity perspective. Journal of Personality and
Social Psychology, 101, 902-918.

Eccles, J. & Wang, M.T. (2016). What motivates females and males to pursue careers in mathematics and science?
International Journal of Behavior Development, 40(2), 100-106. doi: 10.1177/0165025415616201

Evans, M. A., Whigham, M., & Wang, M. C. (1995). The effect of a role model project upon the attitudes of ninth-grade
science students. Journal of Research in Science Teaching, 32, 195-204.

Field, B.W. (1994). A course in spatial visualization. Proceedings of the 6th International Conference on Engineering Design

Graphics and Descriptive Geometry, Tokyo, pp. 257-261.

Frick, A, Méhring, W. and Newcombe, N. S. (2014). Picturing Perspectives: Development of Perspective-Taking Abilities in
4- to 8-Year-Olds. Frontiers in Psychology. 5, 386. DOI: 10.3389/fpsyq.2014.00386

Frick, A., & Newcombe, N. S. (in press). Young children’s perception of diagrammatic representations. Spatial Cognition
and Computation: An Interdisciplinary Journal.

Ganley, C., Vasilyeva, M., & Dulaney, A. (2014). Spatial ability mediates the gender difference in middle school students’
science performance. Child Development, 85(4), 1419-1432.

Gardner, H. (2011). Frames of Mind: The Theory of Multiple Intelligences (3™ ed). New York: Basic Books.

Gardner, H. (1983). Frames of Mind: The Theory of Multiple Intelligences. New York: Basic Books.

Gardner, H. (1999). Intelligence reframed: Multiple intelligences for the 21st century. New York: Basic Books.

Girl Scout Research Institute (2012). Generation STEM: What girls say about science, technology, engineering, and math.
Girl Scouts of the USA. Retrieved from http://www.girlscouts.org/en/about-girl-scouts/research/publications.html

Green, C.S., & Bavelier, D. (2003). Action video game modifies visual selective attention. Nature, 423, 534-537. Retrieved
from http://www.nature.com/nature/journal/v423/n6939/full/nature01647.html

Green, C. S., & Bavelier, D. (2007). Action-video-game experience alters the spatial resolution of vision. Psychological
Science, 18, 88-94. d0i:10.1111/].1467-9280.2007.01853.x

Goldstein, J., & Puntambekar, S. (2004). The Brink of Change: Gender in Technology-Rich Collaborative Learning
Environments. Journal of Science Education and Technology, 13(4), 505-522.

Hewlett, S.A., et. al., (2008). The Athena Factor: Reversing the Brain Drain in Science, Engineering, and Technology,
Harvard Business Review Research Report, no. 10094, June 2008.

Hill, C., Corbett, C., & St. Rose, A. (2010). Why so few? Women in science, technology, engineering, and mathematics.
Washington, DC: American Association of University Women. Retrieved from http://

files.eric.ed.gov/fulltext/ED509653.pdf

Hsi, S., Linn, M. C., & Bell, J. E. (1997). The role of spatial reasoning in engineering and the design of spatial instruction.
Journal of Engineering Education, 86, 151-158. doi:10.1002/j.2168-9830.1997.tb00278.x



http://www.dx.doi.org/10.3389/fpsyg.2014.00386

Hungwe, K., Sorby, S. A., Molzan, R., Charlesworth, P. & Wang, M. (2014). Supporting the development of spatial skills in
middle grade and high school students. Journal of Women and Minorities in Science and Engineering, 20(4), 379-
393.

Kahle, J. B. (1983). The disadvantaged majority: Science education for women. AETS Outstanding Paper for 1983,
Burlington, NC, Carolina Biological Supply Company.

Kell, H.J, Lubinski, D., Benbow, C.P, and Steiger, J.H. (2013). Creativity and technical innovation: Spatial ability’s unique
role. Psychological Science, 24(9) 1831-1836. doi: 10.1177/0956797613478615

Linn, M. C., and A. C. Petersen. 1985. Emergence of characterization of sex differences in spatial ability: A meta-analysis.
Child Development 56(6):1479-1498.

Lohman, D. F. (1996). Spatial ability and g. In I. Dennis & P. Tapsfield (Eds.), Human abilities: Their Metz, S., Donohue, S.,
& Moore, C. (2012). Spatial Skills: A focus on gender and engineering. In B. Bogue & E. Cady (Eds.). Apply
Research to Practice (ARP) Resources. Retrieved March 19, 2013 from
http://www.engr.psu.edu/AWE/ARPRresources.aspx.

Maeda, Y. & Yoon, S.Y. (2011). Scaling the Revised PSVT-R: Characteristics of the first year engineering students' spatial
ability. Proceedings of the American Society for Engineering Education (ASEE) Annual Conference and Exposition,
2011-2582. Vancouver, BC, Canada.

Maeda, Y., & Yoon, S. Y. (2013). A meta-analysis on gender differences in mental rotation ability measured by the Purdue
spatial visualization tests: Visualization of rotations (PSVT: R). Educational Psychology Review, 25(1), 69-94.
doi:10.1007/s10648-012-9215-x

Martin-Dorta, N., Saorin, J. L., & Contero, M. (2008). Development of a fast remedial course to improve the spatial abilities
of engineering students. Journal of Engineering Education, 97(4), 505-513. doi:10.1002/j.2168-

9830.2008.tb00996.x
McGee, M. G. (1979). Human spatial abilities: Sources of sex differences. New York, NY: Praeger.
McKim, R.H. (1980). Experiences in visual thinking. Boston, MA: PWS Publishers.

Miller, C. L. & Bertoline, G. R. (1991). Spatial visualization research and theories: Their importance in the development of
an engineering and technical design graphics curriculum model. Engineering Design Graphics Journal, 55(3), 5-14.

Miller, L. & Budd, J., (1999). The Development of Occupational Sex-role Stereotypes, Occupational Preferences and
Academic Subject Preferences in Children at Ages 8, 12 and 16. International Journal of Experimental Educational
Psychology, 10(1), 1999.

Mojang (2016). Announcing Minecraft: Education Edition. Retrieved from http://education.minecraft.net/announce011916/

National Academy of Engineering. (2011). “Rising Above the Gathering Storm, Revisited”. Report Prepared for the
Presidents of NAS, NAE and 10M, 2010.

National Student Clearinghouse, Research Center (2015). Science & Engineering Degree Attainment: 2004-2014. January
2015.

National Science Board (NSB). (2012). Science and Engineering Indicators 2012. Arlington VA: National Science
Foundation (NSB 12-01).

National Science Foundation (2015, August 6). Innovative technology experiences for students and teachers (ITEST).
Retrieved from http://www.nsf.gov/pubs/2009/nsf09506/nsf09506.htm

National Science Foundation (NSF) (2013). Common Guidelines for Education Research and Development. Retrieved from
http://www.nsf.gov/pubs/2013/nsf13126/nsf13126.pdf.

National Science Foundation, National Center for Science and Engineering Statistics (2011). Science & Engineering
Degrees: 1966-2008. Detailed Statistical Tables NSF 11-136. Arlington, VA.

National Research Council (NRC) (2011). Successful K-12 Education - Identifying Effective Approaches in Science,
Technology, Engineering, and Mathematics. National Academies Press, ISBN: 978-0-309-21296-0, 2011.

Nebel, S., Schneider, S., Rey, G.D. (2015). From duels to classroom competition: Social competition and learning.
Computers in Human Behavior, 55, 384-398. doi doi:10.1016/j.chb.2015.09.035

Newcombe, N.S. (2010). Picture this: increasing math and science learning by improving spatial thinking. American
Educator, 32(2), 29-35. Retrieved from http://www.aft.org/newspubs/periodicals/index.cfm

Nguyen, A. & Rank, S. (2016). Studying the Impact of Spatial Involvement on Training Mental Rotation with Minecraft.
CHI EA ‘16, 1966-1972. Retrieved from http://dx.doi.org/10.1145/2851581.2892423

Niemeyer, D., & Gerber, H. (2015). Maker culture and Minecraft: implications for the future of learning. Educational Media
International, 51(3), 216-226. DOI: 10.1080/09523987.2015.1075103

President’s Council of Advisors on Science and Technology, (2010). “Prepare and Inspire: K-12 Education in Science,
Technology, Engineering, and Math (STEM) For America’s Future”, Report to the President, September 2010.

Thurstone, L. L. (1938). Primary mental abilities. Psychometric Monograph, No. 1. Chicago: University of Chicago Press.



http://www.engr.psu.edu/AWE/ARPRresources.aspx

Tzuriel, D., & Egozi, G. (2010). Gender differences in spatial ability of young children: The effects of training and
processing strategies. Child Development, 81(5), 1417-1430. doi:10.1111/j.1467-8624.2010.01482.x

Sorby, S. A., Casey, B., Veurink, N. & Dulaney, A. (2013). The role of spatial training in improving spatial and calculus
performance in engineering students. Learning and Individual Differences, 26, 20-29.

Sorby, S.A. (2009). Educational research in developing 3-D spatial skills for engineering students. International Journal of
Science Education, 31(3), 459-480. doi: 10.1080/09500690802595839

Sorby, S. A., & Baartmans, B. J. (2000). The development and assessment of a course for enhancing the 3-D spatial
visualization skills of first year engineering students. Journal of Engineering Education, 89, 301-307.

Sorby, S. A., Leopold, C., & Gorska, R. (1999). Cross-cultural comparisons of gender differences in the spatial skills of
engineering students. Journal of Women and Minorities in Science and Engineering, 5, 279-291.

Sorby, S.A., & Gorska, R. (1998). The effect of various courses and teaching methods on the improvement of spatial ability.
Proceedings of the 8th International Conference on Engineering Design Graphics and Descriptive Geometry, Austin,

TX, pp. 252-256.

Vilorio, D. (2014). STEM 101: Intro to tomorrow’s jobs, Occupational Outlook Quarterly, Spring 2014.

Wang, Ming-Te & Degol, J. (2013). Motivational pathways to STEM career choices: Using expectancy—value perspective to
understand individual and gender differences in STEM fields. Developmental Review 33(4), 304-340. doi
10.1016/j.dr.2013.08.001

Weisgram, E. S., Bigler, R. S., & Liben, L. S. (2010). Gender, values, and occupational interests among children, adolescents,
and adults. Child Development, 81(3), 778-796.

Wouters, P., van Nimwegen, C., van Oostendorp, H. & van der Spek, E. (2013). A meta-analysis of the cognitive and
motivational effects of serious games. Journal of Educational Psychology, 1015(2), 249-265. doi 10.1037/a0031311

Yoon, S. Y. (2011a). Properties of the Revised Purdue Spatial Visualization Tests: Visualization of Rotations (The Revised
PSVT:R) [Dissertation].

Yoon, S. Y. (2011b). Revised Purdue Spatial Visualization Test: Visualization of Rotations (Revised PSVT:R) [Psychometric
Instrument].



