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Spatial skills have been shown to play an import role in most STEM field. Studies
have showed that students” spatial skills (primarily students’” mental rotation
abilities) are correlated to their programming ability and that with the use of a
spatial skills intervention, focused on 3D mental rotations, students’ spatial skills
and programming abilities improve. It makes sense that a person’s ability to
mentally rotate objects it correlated to their success in other STEM degrees, but it
makes less sense why there is any connections to students’” programming abilities.
In my research I aimed to further explore new spatial skills, primarily cognitive
navigational abilities, and their role in computing. We did so by conducting a two-
year study investigating the relationship between students’ navigational abilities
and their programming abilities in multiple introductory computing courses. Our
results showed that there is a correlation between students” map reading ability
and their programming ability. We also found that with the use of a map reading
intervention using an augmented reality sandbox both students” map reading
skills and programming abilities increased compared to students who did not

participate in the intervention.
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Chapter 1

INTRODUCTION

In this chapter we first describe the problem that we would like to solve in Section
1. Then in Section 2, we discuss the motivation behind the studies that we want
to conduct. In Section 3 we discuss the contributions of our research work and
outline the results we have found so far. Section 4 provides an outline for the rest

of the dissertation.

1.1 Problem

Computer science has one of the highest dropout rates for any bachelor’s degree.
In 2013 a study conducted by the U.S Department of Education found that when
looking at all STEM degrees, the degree with the highest attrition rate for bachelor’s
candidates was in computer/information sciences [4]. When investigating attrition
rates even further, Guzdial and Soloway found that attrition rates in introductory
computing courses can be as high as 30% and by year two attrition rates can
be uapproaching 60% [5]. Work has been done to combat student attrition in
introductory computing courses over the years, but there is still more work that

needs to be done.



1.2 Motivation

Recent studies have shown that students’ spatial skills are a good predictor to their
success in obtaining a STEM degree. Those studies showed that students’ spatial
skills are better at predicting their success than their SAT-Math and SAT-Verbal
scores [6].

Spatial skills/spatial ability research dates to the 1800’s when Sir Frances Galton
focused on discovering how people differ in their "mental disposition" through
the use of mental imagery [7]. In general, spatial skills may be defined as, the
capacity to understand, reason, and remember the spatial relations among objects
or space. There are several different types of spatial skills including: paper folding,
map reading/way-finding, and embedded figures. The most study spatial skill is
mental rotation, or the ability to perform mental rotations on an object. Figure 1.1.
shows an example problem from the Purdue Spatial Visualization Test: Rotations.
This test is designed to gauge a person’s mental rotation ability.

The motivation for our work derives from previous studies that Sorby et al. and
Cooper et al. have done. Their studies showed that a person’s spatial skill is an
important factor to their success in STEM and in particular computing [8, 9]. When
exploring how spatial skills are related to computing, Cooper et al. found that
there is a correlation between students” spatial skills and their ability to program.
They also showed that with the use of a spatial skills intervention, students had a
higher degree of success in their given field of study than those students who did
not participate in the intervention.

While administering spatial skills interventions in introductory computing
courses showed promising results with increasing students” programming abilities,

these studies only considered students” 3D mental rotation abilities. Clearly there
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Figure 1.1: Sample Problem from the PSVT:R

are some links between 3D mental rotations and higher-level of thinking and
reasoning that are essential to programming. However, we believe that mental
rotation is not the most directly related spatial skill to programming. We wanted
to explore some of these other types of spatial skills in greater detail. Is there
another type of spatial ability that is more directly tied to the thought processes
behind programming?

Cox et al. considers program comprehension as the process of developing a
cognitive map, or what they call codespace [10]. A cognitive map is defined as
a mental model of spatial information [11]. Fisher et al. defines codespace as “a
programmer’s mental model of source code with respect to the perceived spatial
attributes of entities identified within the code” [12]. In both Cox’s and Fisher’s
studies, they suggest that “Source-code navigation is not a trivial activity occurring

while we develop complex domain models of a software system. Instead, the



perspective suggests that we are developing highly effective route and survey maps
to navigate the system’s codespace. Without these navigation skills, maintainers
would be unable to locate the source-code fragments associated with a domain
concept.” From the results of these studies, we believe that a person’s navigational
abilities are directly related to their ability to program and understand source
code.

In our research, we aim to increases students” programming abilities. We hope
to decrease student attrition in introductory computing courses by (1) confirming
that spatial skills are correlated to programming abilities, (2) testing whether
running a spatial skills intervention (primarily mental rotations as done in previous
studies) increases students” programming abilities, then (3) exploring how student’s
navigational ability are related to their programming ability and (4) creating
and administering a spatial navigating intervention to see if the intervention is

correlated with improved students” programming abilities.

1.3 Contributions

The research presented in this dissertation focuses on the work that we have done
over the past several years investigating how students’ spatial skills, both mental

rotations and map reading abilities, impact their programming abilities.

1.3.1 Creation and Validation of the SCS1R

The first goal of our study was to replicate Cooper et al.’s study that investigated
students’ spatial skills and programming abilities [g]. However, there were a few
things different from that study to ours. The first main difference was that we

conducted our study at larger scale. We ran our study across several sections



of an introductory computing course at three different universities. The original
study was conducted on a single set of high school students all being taught in
the same programming language, Java. Because of the scale difference, we needed
an instrument that gauged students” programming aptitudes across different
programming languages. In Chapter 3 we discuss our work in the creation and
validation of the Second Computer Science 1 exam Revised (SCS1R).

We needed to create a new version of the Second Computer Science 1 exam
(SCS1) [13] called the SCS1R. The original SCS1 consisted of 27 questions and took
around two hours to complete. However, the length of the SCS1 was too long
for our purpose. We reduced the number of questions to g out of the original 27
questions of the SCS1. This new version took around 30 minutes to complete. After
altering the exam, we went through the process of re-validating the instrument
using Item Response Theory.

We later revised the SCS1R by removing one of the questions and then adding
in several questions from the CS AP exam. Work is currently being conducted to
validate the new version of the instrument. We have named this version of the

SCS1R the SCS1Rv2.

1.3.2 Computing Attitudes Instrument

In Chapter 4 we discuss our work creating and validating a computing attitudes
instrument that we wanted to use to collect more information regarding students’
attitudes towards computing and computing related issues. We did so by com-
bining two computing attitudes instruments and adding several questions of our
own. The first was a validated instrument created by Dorn and Tew [14] called the
Computing Attitudes Survey version 4 (CASvy), and the second instrument was

created by Wiebe [15] and included questions regarding attitudes towards gender



related issues in computing. This new instrument was validated using Exploratory

Factor Analysis and was validated at the same time as we validated the SCS1R.

1.3.3 Replication Study

Chapter 5 discusses our replication study examining the relationship between
students” spatial skills and their success in learning to program. We conducted our
intervention across three different universities in a pre-post format. Like Cooper et
al.’s study, we saw a correlation between student’s spatial skills and their success in
learning to program. More significantly, we saw that after applying an intervention
to teach spatial skills, students demonstrated improved performance both on a
standard spatial skills assessment as well as on a CS content instrument. We
also saw a correlation between students” enjoyment in computing and improved
performance both on a standard spatial skills assessment and on a CS content

instrument.

1.3.4 Spatial Skills Predictions

Chapter 6 discusses our study investigation into the extent to which the data we
collected could predict students” success in an introductory computing course.
Previous studies have found that students’” spatial skills are a good predictor of
student of their success in college [6]. During this study we used a multinomial
logistic regression to create a predictive model to predict students” introductory
programming abilities at the end of the semester. The highest model accuracy was
obtained when accounting for students’ prior programming abilities, prior spatial
skills, socioeconomic status, and three factors regarding students” attitudes towards

computing. It was also found that when looking at the predictability of each



individual variable, students” prior spatial ability had the highest predictability

when compared to all other variables.

1.3.5 Navigation and Map Reading

In the first four major chapters we focused primarily on students” mental rotation
abilities. We wanted to investigate the extent that which students” navigational
abilities are related to their programming abilities. We believe that students’
navigational abilities are more closely related to their programming abilities as
compared to their mental rotation abilities.

There has been little work done investigating the relationship between students’
navigational abilities and their programming abilities. In preliminary testing
we investigated the relationship between students’ active navigational ability
(gauged by how well they did at successfully navigated a virtual maze) and
their programming ability (based on the SCS1R). However, we did not find any
correlation. We believed this was because the navigational task used gauged a
person’s active ability to navigate while the SCS1R is a multiple-choice test that
does not measure a person’s active code writing ability but does gauge their code
reading and code comprehension ability.

We decided to investigate students’ map reading abilities, a subset of naviga-
tional abilities. Chapter 7 discusses our study investigating the correlation between
students” map reading ability and their ability to program. In this study we used
the Topographic Map Assessment (TMA) [16] and the SCS1R [17]. The TMA is an
assessment that was designed to test a person’s ability to read and understand
topographic maps. These topics included: route planning, cross section, 2D to 3D
visualization, and orientation.

We collected data from students in multiple sections of an introductory comput-



short-throw
projector

Figure 1.2: Example AR-Sandbox [1]

ing course in a pre-post format using the TMA and SCS1. Our results showed that
there is a correlation between students’ map reading ability and their programming

abilities.

1.3.6 AR-Sandbox

After finding a correlation between students” map reading ability and their pro-
gramming ability, we then wanted to create a map reading intervention. In creating
material for the navigational skills intervention, we modified an augmented reality
(AR) sandbox [18]. The original AR-sandbox was used to teach simple under-
standing how topographic maps worked (Figure 2.2). We wanted to expand the
capability of the AR-sandbox to fit the need of our intervention. Chapter 8 dis-
cusses the work we did to modify an AR-sandbox to teach more advance map

reading topics for the use of our intervention.



1.3.7 Map reading intervention

Chapter g details our study administering a map reading intervention. This study
targeted students enrolled in an introductory computing course and had students
participate in a map reading intervention centered around material for use with
our AR-sandbox. The study was conducted over the course of a semester and
administered in a pre-post format.

Our results showed that students who participated in the intervention had
increased map reading abilities after the intervention. Our results also showed
that students who participated in the intervention also had higher post program-
ming abilities. However, our results were inconclusive to whether students that
participated in the intervention had higher learning gains compared to students
who did not participate. This was because the students in the different groups had

different prior programming knowledge.

1.4 Overview

The rest of this dissertation is organized as follows. Chapter 2 discusses the related
work that is associated with our studies throughout this dissertation. Chapter 3
discusses the creation and validation of the SCS1R. Chapter 4 discusses the creation
and validation of a new computing attitudes instrument. Chapter 5 details our
study replicating Cooper et al.’s study. Chapter 6 investigates the predictability
of student success based on their spatial skills and other variables we collected.
Chapter 7 details our study investigating the correlation between students” map
reading ability and their ability to program. Chapter 8 discusses the current
modification we made to the AR-Sandbox. Chapter g discusses the results of our

map reading intervention and Chapter 10 concludes the dissertation.

Reproduced with permission of copyright owner. Further reproduction prohibited without permission.



	List of Figures
	List of Tables
	INTRODUCTION
	Problem
	Motivation
	Contributions
	Creation and Validation of the SCS1R
	Computing Attitudes Instrument
	Replication Study
	Spatial Skills Predictions
	Navigation and Map Reading
	AR-Sandbox
	Map reading intervention

	Overview

	Literature Review 
	Introduction
	CS1 Aptitude Tests
	CS1 Content Tests
	Computational Thinking Tests

	CS Attitudes Surveys
	Predicting CS1 Success
	Spatial Skills
	Spatial Skills and CS
	Factors Impacting Spatial Skills
	Teaching Spatial Skills
	Gender Differences in Spatial Skills

	The Human Brain and Navigation
	Navigational Abilities
	Factors Impacting Navigation
	Navigation/Map Reading and CS
	Navigational Interventions

	AR-Sandbox

	INSTRUMENT VALIDATION - SCS1R
	Introduction
	Methods
	SCS1R Design

	Analysis
	Item Response Theory

	Results
	IRT
	Difficulties
	ICC
	Fit

	Reliability
	Comparison

	Discussion
	Conclusion

	INSTRUMENT VALIDATION - CS ATTITUDES
	Introduction
	Computing Attitudes Design
	Methods
	Analysis
	Exploratory Factor Analysis

	Results
	Exploratory Factor Analysis
	Factor Breakdown
	Reliability
	Factor Correlations

	Discussion
	Conclusion

	SPATIAL SKILLS INTERVENTION
	Introduction
	Replicating a Study
	Methods
	Student Population
	Instrument Design
	Intervention Design
	Analysis

	Results
	Spatial Skills/Programming Correlations
	PSVT:R Performance
	SCS1R Performance
	CS-Enjoyment

	Discussions
	Limitations
	Conclusion

	Can Students' Spatial Skills Predict Their Programming Abilities? 
	Introduction
	Methods
	Instrument Design
	Analysis
	Factor scores
	Multinomial Logistic regression


	Results
	Normality
	ANOVA
	Multinomial Logistic Regression

	Discussion
	Limitations
	Conclusion

	Map reading Correlations
	Introduction
	Methods
	Instrument Design
	Analysis

	Results
	Discussion
	Limitations
	Conclusion

	Creating and Modifying a Data Science AR-Sandbox
	Introduction
	Modifications
	Topographic Map
	Topographic Cross Section
	Topographic Route Planning
	Geological Map
	Geological Cross Section/Boreholes

	Future Work

	Map Reading Intervention
	Introduction
	Methods
	Student Population
	Instrument Design
	Intervention Design
	Module 1: Topographic Maps
	Module 2: Orientation (Coded Plans)
	Module 3: Orientation (Epicenter)
	Module 4: Cross Sections
	Module 5: Route Planning

	Analysis

	Results
	TMAR
	SCS1Rv2 Performance

	Discussion
	Limitations
	Conclusion

	Conclusion
	Introduction
	Part 1: Instrument Validation
	Part 2: Students' Mental Rotation Ability
	Part 3: Students Map Reading Abilities
	Future Work

	Topographic Map Code Code
	Topographic Cross Cutting Code
	Geologic Map Code
	Geologic Map Code
	HW 1 : Topographic Maps
	Introduction
	Grading

	HW 3 : Triangulation (Due 10/22)
	Introduction
	Instructions
	Grading

	HW 5 Cross Sections
	Introduction (Due 11/21/2021)
	Grading (Out of 100 points)
	How to turn in

	Bibliography

