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A Qualitative Investigation of Students’ Problem-Solving Strategies in a
Spatial Visualization Course

Abstract

This Complete Research Paper describes a research study aimed at understanding strategies
engineering students use in solving spatially-related problems. The participants in our study are
first year engineering (FYE) students in an Introduction to Spatial Visualization course at a
Southeastern university. This course is recommended for FYE students who score below the
required threshold on the Purdue Rotation Visualization Test (PSVT:R) on entry into the
engineering program, to help them improve their spatial visualization skills. Seventeen students
enrolled in the course in Fall 2018 participated in this qualitative study.

Spatial abilities are important in many scientific fields including engineering. People can develop
their spatial abilities through practice and training. This possibility highlights the usefulness of
strategies that can be used for solving spatial tasks. There are several spatial ability measures
including paper cutting tests, mental rotation tests, cross section tests and mental cutting tests.
The current study examines strategies that students used while performing spatial tasks that
require the use of mental cutting and rotation techniques.

In this qualitative study, we are interested in students’ descriptions of the use of strategies on
mental cutting and rotation tests. Data was collected via interviews, involving a think-aloud
protocol. The analysis of interview data was guided by a-priori codes from our coding rubric
developed in a previous study. The findings from this study provide further understanding on the
kinds of strategies students use in tackling spatial tasks. Importantly, the study findings provide
confirmation for the codes in our rubric and suggest that some of these strategies are relevant
across tests and could be used more broadly.

Keywords: spatial visualization, spatial abilities, first-year engineering, spatial strategies, think-
aloud protocol

Background

Spatial visualization ability is essential for success in many academic fields including in
medicine (Cohen & Hegarty, 2007; Wanzel, Hamstra, Anastakis, Matsumoto, & Cusimano,
2002), dentistry (Schwibbe, Kothe, Hampe, & Konradt, 2016) and engineering (Ha & Brown,
2017). Two categories of spatial reasoning, as defined by Linn and Petersen (1985), are mental
rotation and spatial visualization. Mental rotation involves the ability to manipulate three-
dimensional (3D) objects in one’s mind by rotation, and spatial visualization involves the ability
to manipulate three-dimensional (3D) objects in one’s mind through mental cutting and
unfolding. A number of tests are routinely used to assess spatial skills. They include
Vandenberg-Kuse’s Mental Rotation Test (MRT) (Vandenberg & Kuse, 1978) and the Purdue
Spatial Visualization Test: Rotations (PSVT: R) (Guay, 1977; Yoon, 2011) for mental rotation
skills and the Mental Cutting Test (MCT)(CEEB, 1939) and Santa Barbara Solids Test (SBST)
(Cohen, 2015; Cohen & Hegarty, 2012) for mental cutting skills. Several studies have
demonstrated the ability to improve spatial ability through training. Uttal et al. (2013) reported a



meta-analysis of training studies and concluded that spatial skills are malleable and that spatial
training programs may play an important role in the education of STEM professionals. Several
engineering programs working with one of such training programs, the ENGAGE Engineering
Project (Veurink et al., 2009) have offered courses in spatial visualization. These courses have
been shown to positively impact participant spatial skills and retention in engineering programs
(Boersma, Hamlin, & Sorby, 2004; Srivasavan, Smith, & Bairaktarova, 2016; Veurink & Sorby,
2011). Studies also show that problem solving strategies play a role in performance in spatial
ability tasks. Thus, we find value in investigating solution strategies that students use in solving
spatial visualization related problems. Knowing these strategies could provide some help on how
to design interventions for training students to develop in their spatial visualization skills.

The Current Study
Methods

This complete research paper describes a follow up study on qualitatively investigating the
strategies that engineering students utilize in approaching spatial visualization problems. The
research method for this study involves the use of a think aloud protocol, also known as verbal
protocol analysis (Adams, Punnakanta, Atman, & Lewis, 2002; Adams, Turns, & Atman,
2003).Think aloud protocols have been used by researchers in different fields including
engineering, technology, and the social sciences, to investigate design processes and to
understand cognitive processes of readers while reading in a foreign language (Ericsson &
Simon, 1996; Gregory, Mentzer, & Becker, 2014; Katalin, 2013). Charters (2003) suggests that
the use of think-aloud protocols should be accompanied by additional triangulating data. Our
current study examines participants’ responses within a think-aloud protocol session. At the end
of the semester, students in the spatial visualization course were invited to participate in a spatial
visualization exercise session. At each session, the investigator introduced the study to students,
discussed consent information with the participants including letting them know the session
would be audio recorded and that they were free to withdraw from participation if they chose to.

After signing consent to participation, students were given a problem set comprising of 10
questions. The first four questions were from the Purdue Spatial Visualization Test:
Visualization of Rotations (PSVT:R) (Guay, 1976; Maeda & Yoon, 2013) and the last six
questions were from the Santa Barbara Solids Test (SBST) (Cohen & Hegarty, 2012). The
PSVT:R involved questions that required students to indicate what an object would look like
after it has been rotated. Conversely, the SBST requires knowledge of cross-sections, in which
students determine the shape of an object after it had been cut at a plane. Figures 1 and 2 below
show sample problems from each of these two tests. Participants were asked to think aloud, that
is, verbally express their process of approaching each problem and coming up with an answer.
These think-aloud sessions were audio recorded. After the participants were done with the
problems, the investigator asked if they could briefly describe or name the strategies they used as
they solved the problems.
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Figure 1: The PSVT:R Sample Problem (Guay, 1977)
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Instructions:

Circle the cross-section you would see when the grey cutting plane slices the object,
Imagine that you are facing the cutting plane head-on, as if you were looking in a mirror.
Make your choice based on the shapes of the possible answers, not their sizes.

This is an untimed test. Work at your own pace.
You can ask the experimenter a question at any time.

Figure 2: SBST sample problem (Cohen & Hegarty, 2012)

To ensure triangulation as suggested by Charters (2003), we used the think aloud protocol data
and referred to the exit survey that all students were asked to fill out at the end of the semester.
This helped us corroborate the participant descriptions of how they approached the rotation test
(PSVT:R) from the think-aloud sessions with written responses they provided on the survey. In
consulting this exit survey data, we only analyzed the responses of the students who participated
in the think-aloud exercise. The question on the survey of relevance to this study is, What
strategies did you use to solve the rotation test problems? This data allowed us to see if
participants described the same strategies on the exit survey as they used in answering the
rotation questions during the think-aloud sessions. It also allowed us to see if these written
answers were similar to strategies they reported using when they were asked to name or explain



them at the end of each think-aloud session. We would like to note that our codes described in
the previous study were originally generated through analysis of similar written responses on the
SBST. Consequently, our overall analyses incorporated data from both written and verbal
responses on the SBST and PSVT:R.

Participants and Sampling

The participants in our study are first-year engineering students, enrolled in an Introduction to
Spatial Visualization course at a large land grant university. This course is recommended for
first-year students who score below the threshold of 60% on the PSVT:R prior to entry into the
engineering program. The goal of the course is to help students improve their spatial
visualization skills. Participants in this study were among a cohort of 231 students divided up
into three sections of the course. Seventeen students across all three sections participated in an
interview session involving a think aloud protocol at the end of the semester. Students were
invited to participate in the exercise at the end of the semester voluntarily. They were informed
their process in arriving at the answers was the important piece in the exercise rather than
answering questions correctly. We think this information helped alleviate some pressure that
could limit their ability to freely discuss the strategies they were using during the sessions.

Analysis

Analysis of the data involves verbatim transcription of audio recordings from the interview
sessions. In addition to transcripts, the researcher also made note of key strategies used or
mentioned by the participants as well as any other notable information at the end of each think-
aloud session. Some of these notes were comments about gestures or actions of participants that
were only observable visually and would not be captured in the audio recordings. Participants
responses were analyzed using the coding rubric that was developed in our previous study
(YYeaman, Bairaktarova, & Knott, 2018). In that study, we identified six categories of strategies
that students used in answering questions on the Santa Barbara Solids Test (SBST), a cross-
sections test. The six categories developed are mental action, guessing, guiding rule, intuition,
process of elimination and thinking. Each of these categories described in our former study are
reiterated in the following paragraph.

Mental action implies that the student visualized, imagined, created a mental picture or did some
level of mental manipulation of the object to get the answer. Guessing categorizes responses that
used the word ‘guess’ or explained that the student arrived at a conclusion by chance or without
showing evidence of deliberate reasoning. Guiding rule describes when the student(s) used a
standard or criterion to judge which option is likely to be the answer, for example, student
responses that involved the use of if-then logic (“if...then...”) or stating a specific criterion that
led to the answer (“whatever is...is the answer”). Intuition describes students’ responses in
which the word “intuition” was used or the response showed that the student came to an
understanding of the answer immediately without the need of conscious reasoning. Process of
elimination categorizes when the participants recognized which options were not likely to be the
answer and narrowed their options by setting the unlikely choices aside. Thinking implies an
expression of some level of thinking, typically by using the word thinking, thought or another



derivative of the word ‘think” explicitly. Although we understand that some level of thinking
may occur before most students decide on an answer choice, this category is unique in the sense
that it is based on students’ use of words that imply thinking only.

As in the previous study, in this current study some participants reported using strategies that
were a combination of more than one of these six categories. It should be noted that these
categories were solely based on the SBST. Here, we paid attention to where students’ strategies
were in alignment with the aforementioned categories and where they deviated. We also thought
it would be useful to apply the same codes to the PSVT:R as this investigation could show
whether they could be relevant across more that one type of spatial visualization test.

Results and Discussion

In the following discussion, original names have been replaced with pseudonyms to protect our
participants’ identities.

Santa Barbara Solids Test: This section touches on the strategies that participants used in
solving the SBST questions. As previously mentioned, these questions were the latter six of the
ten questions participants were given during the think-aloud sessions. The strategies that came up
from this portion of the study were process of elimination, thinking, intuition, guiding rule and
mental action. The one that recurred the most was process of elimination.

Process of elimination. Sometimes participants explicitly mentioned that they were not
choosing an answer because it could not be right. For instance, Nikki says:

This one, let's see. Okay, so it can't be this one because it's like squared off here, it's not at
a point. So that eliminates that one...I think it would be this one because this part’s here,
wouldn't look like this [inaudible] here.

Another participant, Thomas explained:

For figure seven, | see that the cone is being cut by the cutting plane in the center. So, the
top will be pointed so we can eliminate C, we can't take A though it has pointed one,
because, the figure which is inside of, let's say the pink figure is one and blue is two...

In Thomas’ discussion, he explicitly eliminates two options and explains his process, even
beyond the quote we have highlighted. Another participant, Aaron while working on one of the
problems said:

For this one I know it's not D because the triangles point wouldn't be facing like outward.

He gave specific reasons why he was eliminating option D related to the features of the object
and his expectation of what the surface should look like after it had been cut. A couple of times
during the session, he also crossed out the options that he did not expect to be correct, with his
pen, as he was speaking. He eventually settled on an answer and circled it. Some other
participants, even though they did not audibly express that they were applying the process of
elimination, cancelled answers in a manner similar to Aaron while working on their problems.



Thinking. Some participants expressed that their strategy involved thinking. Nikki for
instance said:

| just, try to think of it just a face and not what's going on with the rest of the object itself.

When asked to describe the strategies she used for the cross-sections test, Leah, another
participant said:

I don't know, I just thought about it. For the cross-sections test, I just kind of think about
it...

From her description, we can surmise that where relevant, she spends some time thinking about
the object before choosing an answer.

Intuition. Andre seemed to use intuition in answering some of the questions, as he
arrived at some answers quickly and without much deliberation. This is something that could
only be captured watching him.

When asked about the strategies he used, Tim responded:

I think slicing is purely observation...There's no need to imagination. Imagining there's a
cut...you can just...l kind of just see it.

Based his response, it appears that in solving cross-sections tests he tends to get a sense of the
answer without having to do much deliberation. Speaking to him further revealed that he has
some prior experience with taking similar tests even before taking the course. This repeated
practice could explain why he would approach solving problems in this manner.

Mental action. A few participants applied mental action, which involves imagining,
creating a mental picture or some level of mental manipulation. Sometimes these mental
processes were also revealed physically through hand gestures. Andre was one of the participants
who applied this strategy. When asked what strategy he used, he responded:

...how I see the picture in my head, and where I think the line is cutting. So, this one
obviously ‘cause it's a cross section, even if it's cut on a circle. It's gonna cut a straight line,
S0 you're not gonna see the curvature.

Leah also alluded to using mental action as one of the strategies for solving the cross-sections
tests, in addition to thinking. In her response, she mentioned,

...and sometimes I like, I like tracing like the exact line where it cuts through. In my mind
where | go, okay so this is cutting through like that so that'd be a straight line, and then that
would be a straight line and then that would be a straight line, and then just looking at it
like that.

Essentially, she would imaginatively trace a line where the cross-section cuts through the object
and envision what she was likely to see. The tracing that she did in her mind resembles what we
have described as mental action.



Combination of strategies. Some students combined multiple strategies in the process of
answering a question on the cross-sections test. Hanna explained,

For this one, because the cut from here and at here we will not have the same size so it will,
and it is not a triangle because it does not meet at any part in the blue one... so, it’s not B
and | think the upper here is smaller than the cut at the base.

She seemed to have a particular criterion or expectation of what the correct answer should look
like based on the cut. This fits into the strategy we have classified as, guiding rule. Then, based
on this criterion, she could eliminate the unlikely answer choice, thereby demonstrating a
process of elimination.

Purdue Spatial Visualization Test: Rotations (PSVT:R): In this section, we discuss
strategies students used in solving PSVT: R problems. We compare data from two sources, data
from the first four problems in the think-aloud session and data taken from an exit survey
administered in the Spatial Visualization class. At the end of the semester, students in the Spatial
Visualization class were asked to complete an exit survey. One of the survey questions was,
what strategies did you use to solve the rotation test problems? In Table 1 below, we report the
strategies participants reported using in the exit survey as well as whether those strategies were
mentioned during the think-aloud session. We used these two data sets to ensure triangulation as
suggested by Charters (2003).

The majority of participants used the same strategies in the think-aloud sessions as they reported
that they used in tackling rotation problems. However, in the cases of Thomas and Carlos, we
could not tell from the transcripts from the think-aloud sessions that they used the strategies
mentioned in the exit survey. In addition, there were no notes on whether these participants
displayed actions that were not captured in their words. Additionally, Mike did not fill out the
exit survey so we could not make a comparison between how he approached rotation problems
during the think-aloud session and at the time of the exit survey.

Table 1: Comparing participant data from exit reports and think-aloud sessions

Index | Pseudonym | Gender | What strategies did you use to solve the rotation test problems? Use or discuss using
strategy (ies) during
think-aloud session

1 Nikki F 1 would look at the top picture and recognize that it is spun to the left Yes
twice and then | would do that to the picture on the bottom. | would
use the L shape on the picture as a reference when rotating the object.

2 Hanna F Use hand as a (sic) example then apply to the subject below Yes
3 Leah F Trying to use my hands to figure out how the original object is rotated, | Yes
and repeating those motions with the object | need to figure out.
4 Sophia F visualize the objects using my mind and hand [mental action] Yes
5 Thomas M | used my hands to visually rotate the objects and also thought about Not clear

what sides would be visible and where they would be on the other
object. [mental action; thinking]

6 Carlos M It is good to try to use your hands to visualize the transformations the Not clear
question is asking you to preform (sic). The ninety-degree rule should
also be used. If allowed, trying to sketch the object would be very
helpful.

7 Chris M First | observe how the original object being rotated. Then applying Yes
the same rotation order to the object asked to be rotated. Finally pick
up the answer choice that goes with what | get from last step.

8 Mike M N/A N/A




9 Aaron M The primary strategy | used on this test was the use of my hands to Yes
mimic rotation. This helps because it allows you to imagine an object
in front of you. Once you have this imaginary object before you then
you are able to rotate it in your head anyway you like. It leads you to
match the movements of the given object with the one your are
supposed to be rotating. [mental action; hand gestures]

10 Grant M I used my hands to help my mind rotate the object, and used pen and Yes
paper to organize my thoughts. [hand gestures; mental action;
writing/drawing]

11 Andre M 1 used my hands to make a 3D visual representation of the object to Yes
that | could manipulate it in a real space. Along with this | used the
different views we learned about in class to help me understand what
the image is supposed to look like all the way around. [hand gestures]
12 Shane M | would imagine an axis and then treat the angle of the firstimageasa | Yes
reference point to see which direction it turned [mental action;
reference key feature]

13 Tim M Find the spot that are different than other part and locate the move it Yes
did. Do the same thing to the problem object. You first find the detail
of the example part. Check the movement it did. Check if its correct.
do the same movement to the problem in your mind. You need to have
a module in your mind to move it. | t can be a blur as long as its a blur
with details. [reference key feature]

14 Forest M | envisioned it with my mind and used my hands to try to help me see Yes
how it moves. [mental action]

15 Valerie F | tried to rotate the object with my hand to show how the object would | Yes
rotate. [hand gestures]

16 Martha F To do this problem | imagine how the sample object changes. It gets Yes

rotated first through -z axis then -x axis. | also imagine how the side
facing me changes. Through this | can come to the conclusion that E is
correct answer. [mental action]

17 Francis M See how the example turns, then use the same steps to get the sample. Yes

In the process of solving problems in the PSVT:R section, a number of participants applied some
of the same strategies used in solving SBST problems. Notably, Tim was going through mental
action in the process of solving the rotation problems. At some point, he said:

...and when they rotate, it's like this and this. This must be showing to like, something over
here...which I believe is B.

And at another point, he explained:
Yeah, because if you want to rotate to this, you need to first do that and then do that.

In these quotes, by “this” and “that”, he was referring to hand gestures in which he seemed to
move the object and turn it in specific directions. When Andre was asked what strategies, he
used in addressing the rotation questions he replied:

mental movements | guess...Because I gotta see, like with the first one. What I do is I line
up this corner because they're all squares, because they're all squares...

We also noted that he used hand motions while he was working on the questions.

It is interesting that despite the difference in the nature of PSVT:R and SBST problems, some of
the strategies we had previously identified were applicable in tackling both types of problems.
Notably, process of elimination and mental action. A major difference in the use of mental action
between the two spatial visualization tests is how students apply their cognitive processes. In
SBST, students can imagine the object in their minds without showing much of the process



physically. In PSVT:R on the other hand, more participants tended towards expressing what they
were picturing by demonstrating the process using hand motions or drawings on paper.

Thinking also came up in this part of the study. For example, Leah in her response about what
strategies she used said:

For the rotation test | do a lot of backwards thinking too, about how like, instead of looking,
sometimes it's easier to look at how, like, not one shape goes to the other but how like the
second shape goes back to the first, and looking at the options and seeing which shape
would like go back to the one shown.

In some cases, participants applied guessing as a strategy even though, they did not explicitly
report that this was one of the strategies they used when asked. For instance, Carlos explained:

For question two, it's easy to identify this big block being flipped and turned so it's facing
me instead of facing to the left, but for the object in question [inaudible] to recognize that
because of the triangles, but the back of this object should look something like either C or
A. So, I'm going to guess C. Wait, no. I'm going to guess A because of this triangle back
here.

In this particular case, he had an idea of what the answer could be but he was not sure so he
resorted to guessing. Similarly, Chris expresses his difficulty in solving a problem:

| just couldn't understand the shape of this thing. Like, I couldn't read the ... I'll just pick
one.

Basically, he ends up just picking an answer as a guess.

It should be noted that in our former study, we did not capture if students drew or wrote on piece
of paper while they were engaged in spatially-related problem-solving exercises. In the current
study we observed that a number of participants drew on paper while attempting to answer their
questions for both the PSVT:R and SBST portions. For example, Shane drew on paper while
solving all PSVT:R problems. He specifically drew arrows to show directions of rotation. He
also drew some lines while trying to answer on of the SBST questions. He still explained his
process out loud throughout the process of solving all the problems. Notably, in the beginning of
the session he had expressed that he did not feel confident explaining his process in words,
particularly in relation to confidence in speaking English. The investigator reassured him that she
could understand him and that he should express himself however he saw fit. The student’s
confidence played a role, however he seemed to process better by including drawing in his
process. Similarly, Tim also drew on paper in answering one of the PSVT:R questions. In this
case, he drew angles on the objects in the multiple-choice options on the path to deciding which
of them was the correct option.

Another notable finding from both cross-sections and rotations questions is that participants were
looking for unique features or parts of objects in the process of solving a problem. Many of the
participants identified a key feature to focus on, which helped them determine how an object
should look after it had been rotated or a colored part of an object to look for when a piece of the



object has been cut. However, this focus on key features was more common on the rotations test.
Forest exemplifies this strategy in his description:

This one just flipped on this side pretty much because you can see all the features pointing
out. You just gotta flip this one block on too it's top so it's gonna be standing on here and
soit'll be on E.

Conclusions

In conclusion, our study confirms that the codes from our previous study are valid as the
strategies they represent were used by a different set of students. The strategies participants
applied in tackling cross-section problems include process of elimination, thinking, mental
action, intuition and guiding rule. When solving rotation problems participants used process of
elimination, thinking, mental action and guessing. Guessing was not prominent among the
participants on either test except in cases where participants were unsure or had little confidence
in addressing a problem. This could be because students had gotten more familiar with the
problems as they were seeing them again at the end of the semester. To clarify, all the
participants took the PSVT:R before entry into their first year in the engineering program. Upon
taking the spatial visualization course, they also took both the PSVT:R and SBST towards the
beginning and end of their semester in the course. In addition to these exposures, they were
seeing a few questions from each test in the sample problems we used during the think-aloud
sessions. And since the focus of the sessions was not to get a right answer, the participants were
more likely to figure out how best to answer the questions and feeling less inclined to guess. The
few cases in which guessing was used were on the PSVT:R. It could be due to participants
finding the SBST easier to solve as they seemed to spend less time these problems than they did
on the PSVT:R.

It is interesting to note that while some strategies are applicable across spatial visualization
ability tests such as the cross-sections and rotation tests, others including guiding rule and
intuition were only used in one type of problem. Another notable finding from this study is that
in some cases, students were drawing on paper what they imagined or were using drawing to
direct their cognitive processes in solving a problem. Finally, this study reveals that in addition
to self-reporting of solution strategies, having students think-aloud is another way to better
understand their cognitive processes during problem solving, especially related to spatial tasks. It
was helpful to be able to watch the students while they were working because some students
were quietly processing or said things out loud that would not be ordinarily understood, but were
in reference to gestures they were making with their hands. These understandings could be used
in developing interventions for helping students develop in their spatial abilities.

Limitations and Future Studies

Participants in our study completed a one-semester spatial visualization course and some of the
strategies they applied are based on their prior experiences before the course while others are
informed by techniques they learned during the course. Therefore, we cannot assume that all
students are using the same strategies especially if such strategies are effective and happen to be
based on prior experiences. Furthermore, some students mentioned aspects of the course that



they found helpful in tackling the spatial visualization problems presented to them during the
think-aloud sessions. These include repeated exposure to spatial tasks and creating and
manipulating objects using a computer aided design (CAD) software during the course. While
this was not a focus of the investigation, we think it is useful to highlight these course
components as they seem to have influenced participants’ approaches. These aspects could also
be useful to include in interventions introduced to students for supporting their development of
spatial visualization competency.

This research study is only a step towards understanding approaches to better support students in
a remedial spatial visualization course improve on their spatial skills. Our future work will
involve considering students’ pre- and post SBST and PRVT:R test scores to further understand
how students’ strategies may be related to improvement in score performance and development
in spatial skills over the course of the semester. The latter can help make informed decisions
about which of these strategies to reinforce in future iterations of the course.
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