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Abstract—Existing research on spatial ability recognizes the
critical role played by spatial visualization and mental rotation.
Recent evidence suggests that external visualization and
manipulation can boost spatial thinking. The virtual environment
provides an exciting opportunity so that many spatial ability
training tasks based on reading printed illustrations can be
migrated to a highly 3-D interactive and visualized environment.
However, few studies have employed virtual reality (VR)
technology to improve spatial visualization and mental rotation.
In addition, the design of training contents and corresponding
VR applications are still lacking. In this work, we propose
FORSpatial, a system mainly for spatial ability training in a
virtual environment. First, in this article, we design a novel scheme
and principles for generating tasks, involving spatial visualization
and mental rotation through flexible combinations of shapes
and letters. Based on this, we create testing questions and a
FORSpatial training application in desktop VR. FORSpatial and
its components are made publicly available and free to use. To
evaluate the performance of spatial training, verify the usability
of the FORSpatial application, and analyze learning behavior,
we organized a user study with 49 .participants, including an
experimental group and a control group. The comparison
between experimental and control groups shows the significant
improvement of spatial skills through training. The analysis of
interaction logging data and subjective comments reveals how
FORSpatial supports spatial thinking.

Index Terms—Interaction recording and analysis, learning,
spatial ability, training and development, virtual and augmented
reality, virtual environments.

I. INTRODUCTION

SPATIAL skills refer to a class of cognitive functions that

involve the ability to imagine andmentally transform spatial

information [1]–[3]. People create mental images in mind when

they engage in daily life tasks, such as arranging the objects in a

room or finding a way. They also use the spatial ability when

engaging in professional work, such as designing a structure of

the pipeline or working on the internal structure of the human

body during surgery. Previous research has recognized that spa-

tial ability plays a critical role in science, technology, engineer-

ing, and mathematics (STEM) [4] and schooling [5]. Good

spatial skills positively impact the achievement of people in

STEM. For people who work in STEM fields, a lack of spatial

abilities may result in many obstacles to work or even lead to

failure for career development.

Spatial ability is not a single ability, but a complex ability

composed of multiple subskills [1], [3], [6]. Carroll [6] sur-

veyed more than 90 datasets and identified the factor structure

of visuospatial ability. These factors include spatial visualiza-

tion, spatial relations, closure speed, flexibility of closure, per-

ceptual speed, and visual memory. Some studies have pointed

out their training goals aiming at which subskill [7]–[9], while

some have used the general term spatial ability instead of

explicit subskills [10], [11]. Among these factors, spatial visu-

alization and mental rotation underlie the fundamental of spa-

tial ability, and they play a critical role in performing daily or

professional tasks. For example, when surgeons work, they

visualize a 3-D image of an organ and surrounding tissue and

simultaneously rotate the organ with details partly or

completely in mind. Several researchers have wonderful work

on developing spatial visualization [9], [12] and mental rota-

tion [7]. However, current studies have suffered from a lack of

an investigation of these two subskills.

How to improve spatial ability is an attractive and significant

challenge for researchers. The last two decades have seen a

growing trend toward using computer-aided techniques to test

and train spatial ability [1]. Researchers used interactive anima-

tion methods [13], [14], engineering drawings [15], [16], and

the applications of the 3-D environment [9], [17] instead of

early methods based on reading printed illustrations. Among

computer-aided applications, virtual reality (VR), augmented

reality, and virtual environment [18] show their benefits [13],

[17], [19]–[21], with 3-D display and rich spatial interaction. In

such VR and 3-D environments, researchers and practitioners

can create objects and scenes challenging to build in reality.

Due to its low cost and convenience [22], [23], desktop VR has

been regarded as ideal for creating a learning environment [11].

However, few studies have explored the design and develop-

ment of desktop VR applications to train spatial visualization

and mental rotation.
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This article presents the design, implementation, and user

study of FORSpatial, a system for spatial ability testing and

training in a virtual environment. First, we design a novel

scheme and principles for generating tasks, involving spatial

visualization and mental rotation through flexible combina-

tions of shapes and letters. Then, we create testing questions

based on this scheme and principles and propose a FORSpatial

training application with 3-D interaction in a desktop VR envi-

ronment. By changing the combination, we can adjust the dif-

ficulty of the tasks. FORSpatial is downloadable and free to

use, and its components are available on the Unity asset store.

Letter F, O, R, Arrow, and eight shapes underlie the current

version of the FORSpatial training application.

The salient aspects of FORSpatial are as follows.

1) The scheme and principles underlying FORSpatial are

designed mainly for spatial visualization and mental

rotation. Based on shapes and letters, FORSpatial

focuses on testing and training three facets: three-

dimensional shape folding ability, rotation of mental

objects, and rotation of patterns on the surface of the

mental object.

2) FORSpatial is flexible. Through a customized combina-

tion of shapes and letters, FORSpatial can create tasks

for testing and training the user’s spatial skills levels.

The testing and training difficulty level can be adjusted

to meet the needs of specific groups, making it suitable

for primary, secondary, and college students. Unify test-

ing and training into the same framework enables test

scores to reflect training performance more accurately.

3) With desktop VR, current FORSpatial takes advantage

of the high interactivity of VR and considers pedagogical

aspects. It helps users to visualize and rotate objects in

the learning area with 3-D interaction. The practice with

feedback supports the user to reflect, fix the error in the

cognitive structure in mind, and learn with goals. High

interactivity and feedback-based exercises enable stu-

dents to maintain high levels of engagement in training.

To evaluate the performance of spatial training, verify the

usability of the FORSpatial application, and analyze learning

behavior, we organized a user study with 49 participants,

including an experimental group and a control group. In this

user study, we collect the data through interaction logging,

questionnaire, and interviews. The comparison between experi-

mental and control groups shows a significant improvement of

spatial skills through training. Results from interaction logging

data, questionnaires, and interviews reveal how FORSpatial

supports spatial thinking. Finally, we discuss the limitations

and future possibilities. The findings contribute to spatial skills

training in desktop VR.

This article contains three research purposes:

1) to investigate the design rationale for spatial visualiza-

tion and mental rotation upgrading;

2) to explore how desktop VR can be combined with the

pedagogical aspects and together serves as the design

foundation of spatial training;

3) to evaluate the effects of such VR training on enhancing

spatial ability.

II. RELATED WORK

Most of the research shares a consensus on spatial thinking:

spatial thinking is about the shapes and arrangements of

objects and spatial processes [24]. Spatial thinking skills link

to spatial visualization and strategies [1], [24], involving the

ability to imagine and mentally transform spatial information.

A great deal of previous research into spatial thinking has

focused on spatial ability tests and spatial thinking tasks. This

section will briefly present and discuss spatial visualization

and mental rotation, training in spatial thinking studies, and

desktop VR for promoting learning.

A. Spatial Visualization and Mental Rotation

The spatial ability is complex and consists of multiple sub-

skills. Researchers have tried to figure out potential compo-

nents of spatial ability through the factor-analytic approach.

Linn and Petersens’ work divided spatial ability into three fac-

tors: spatial visualization, mental rotation, and spatial percep-

tion. Hegarty and Waller [3] reviewed research on spatial

ability and listed the factors based on Carroll’s work [6] as

spatial visualization, spatial relations, closure speed, flexibility

of closure, perceptual speed, and visual memory.

Although the definition of spatial visualization has not yet

reached a unified description, researchers agreed on an under-

standing of this factor, that is, spatial visualization is identified

as a process to imagine spatial movements of objects men-

tally [3], [6], [25]. To identify essential components of spatial

ability, Hegarty [24] examined what spatial ability tests mea-

sure. For example, paper folding and cube comparisons [26]

focus on spatial visualization. The task in the paper folding

test [26] is to indicate which of the five diagrams on the right

shows how the paper will look when being unfolded.

People often rotate objects mentally to change their perspec-

tive. Mental rotation refers to the ability to rotate an object in a

space mentally. In Shepard and Metzler’s experiment [27], par-

ticipants were presented with pairs of 2-D representations of 3-

D objects. Participants’ tasks were to determine whether the

objects were identical except orientation. Results showed that

the participants rotated the object in a 3-D space in their minds.

Card rotations [26], Vandenberg mental rotations tests [28],

and the Purdue visualization of rotations test [29] focus on the

test of mental rotation. The task in the card rotations test is to

identify which of the items on the right are the one given item

on the left.

Concerning spatial ability, a STEM task requires several

subskills [1], [24], among which spatial visualization and

mental rotation contribute the most. For example, when per-

forming a task requiring spatial ability, an individual needs to

represent a 3-D image of an object and rotate it with details in

mind. Therefore, this study aims at training spatial visualiza-

tion and mental rotation as a group.

B. Spatial Ability Training

Previous studies have reported that spatial ability is mallea-

ble and can be improved through several means. Three training

ZHOU et al.: IMPROVING SPATIAL VISUALIZATION AND MENTAL ROTATION USING FORSPATIAL THROUGH SHAPES AND LETTERS IN VIRTUAL 327

Authorized licensed use limited to: Shaanxi Normal University. Downloaded on December 01,2022 at 01:42:49 UTC from IEEE Xplore.  Restrictions apply. 



categories have been classified by Uttal et al. [1]: courses,

video games, and spatial tasks. The course of spatial ability

training generally lasts for one or several semesters [16] or les-

sons. Video game training involves playing a video or com-

puter game [7]. For example, Cherney [7] investigated how 3-

D and 2-D computer games improve performance on mental

rotation tasks. Participants completed the training over two

weeks or within one week. The findings suggest that even very

minimal computer game practice may improve performance on

mental rotation tasks. Due to the high interactivity, 3-D appli-

cations [11], VR applications [9], [12], and tangible interaction

applications [8], [10] have drawn attention for spatial ability

improvement. Wang et al. explored the effects of 2-D- versus

3-D-based media representations on the influence of spatial

visualization ability [11]. They conducted a pretest/post-test

comparison-group experiment with 23 participants involved.

The intervention was within a 35-min period. Lee et al. used

a V-FrogTM software to explore spatial learning effects in

desktop VR-based environment [11]. They employed a

quasi-pretest-post-test experimental design, and the training

took about 1.5 h. Their findings indicated a significant posi-

tive effect of the desktop VR-based learning environment on

the performance outcome in biology education for high and

low spatial ability learners. Yu et al. proposed a spatial abil-

ity training and test through tangible interaction with an

EasySRRobot [8]. Chang et al. proposed a tangible VR sys-

tem and evaluated it using pre- and post-tests. Their results

showed statistically significant improvements for enhancing

spatial cognition [10].

Usually, courses and video games train spatial ability

through indirect tasks that impact spatial ability do not follow

the same rationale as those used in the tests. Contreras et al.

[16] investigated whether the indirect training in technical

drawing course improved the spatial visualization ability of

architecture students. The subjects in their experiment were

freshman students enrolled in technical drawing courses and

discrete mathematics courses. These indirect pieces of training

involve more complex spatial tasks, requiring task decomposi-

tion and rule-based reasoning to augment visualization [24].

Spatial ability can also be trained directly through the tasks

that follow the same rationale as those used in the tests for

ability measurement, such as in [8]. Direct pieces of training

are more about imagery strategies and analytic strategies [24].

In this work, we focus on direct training with spatial tasks sup-

ported by desktop VR applications.

C. Desktop VR Supported Training

VR simulates an environment similar to or completely dif-

ferent from the real world. VR computer simulations can be

explored and interacted with by people. There is a growing

trend to use VR-based learning to help absorb knowledge and

improve skills in schools and colleges. Different types of VR

applications bring various experiences and meet specific

requirements [30]. Zhou et al. have classified four types of

VR: desktop semi-immersive VR, mobile semi-immersive

VR, fully immersive VR room, and fully immersive headset

supported VR [31]. Lee et al. categorized VR into two types:

immersive VR and nonimmersive VR (desktop VR) [11].

Regardless of how VR is classified, people have a consistent

view of desktop VR. Desktop VR environment, in which 3-D

graphics performance is delivered by 2-D screen, supports

rich spatial interaction, such as rotating, by using the mouse,

keyboard, touch screen, and standard interactive devices [11],

[31], [32]. Although the interaction and immersive experience

provided by desktop VR are less than the immersive type of

VR, it is an alternative to immersive VR and has its benefits.

It costs a lower price, can be easily deployed in the classroom,

and is convenient for collaborative learning and larger

groups [22], [23]. A 3-D display and spatial operation underlie

the educational use of desktop VR [33], [34]. For example,

Arloon series applications [33] support children to interact

with virtual scenes and objects on a mobile phone or tablet 3-

D and learn about plant ecosystems, geometry, chemistry,

solar system, etc. The work in [35] proposed a collaborative

VR learning environment to facilitate 3-D geometric problem-

solving. Similarly, desktop VR can provide 3-D display and

rich spatial manipulation to reach spatial ability training. In

addition, an advantage of using VR environments lies in the

possibilities of automatically recording users’ interactions.

However, using off-the-shelf VR applications to train spatial

ability could not meet such advanced requirements to collect

and analyze users’ behaviors.

It is not enough to focus on interaction aspects to better

design a specific VR-supported learning and training experi-

ence. Pedagogical aspects should also be taken into consider-

ation [31]. The user must be attracted and engage in important

information in training. Practice plays a vital role in raising

engagement. The practice has been proved to be beneficial to

learning by a great deal of previous research [36]. Providing

feedback for practice can affect learning and reinforce the

learning effect [37]. Therefore, designing a specific desktop

VR application using practice with feedback can enhance the

learning experience and improve spatial ability.

III. DESIGN RATIONALE AND IMPLEMENTATION

OF FORSPATIAL

A few previous studies have employed VR technology to

improve spatial visualization and mental rotation. The design

of training contents and how to scaffold training in VR are still

lacking. Therefore, this study was motivated due to the miss-

ing studies on designing an application for training spatial

visualization and mental rotation in a VR environment. FOR-

Spatial focuses on the overall performance of people’s 3-D

representation, 3-D object rotation, and letter rotation in mind.

As shown in Fig. 1, the FORSpatial system contains two parts:

testing and training application. The scheme and principles

describe the ways that we create the testing. Then, we design

and implement the training application based on the proposed

scheme and principles using VR technology. The training

application supports visualization, direct manipulation, and

instant practice, allowing users to drag, rotate, observe 2-D–3-

D dynamic transformation, and self-test with feedback.
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A. Design Rationale

The design scheme is based on a flexible combination of

shapes and letters. Through the combination of selected

shapes and letters, we obtain multiple groups of 2-D shapes

with letter patterns [see Fig. 2(a)]. Each shape has its corre-

sponding 3-D style, and different rotation angles make the 3-

D object look different. Based on the FORSpatial scheme, we

create 3-D representation tasks to investigate how easily users

can see and manipulate the shapes and letters spatially in their

minds. As shown in Fig. 2(b), each item in the FORSpatial

scheme has a drawing of a flat shape (unfolded 2-D shape) on

the left, with one, two, or three same letters on surfaces of this

shape. On the right, an object is shown, which might be made

by folding the flat shape along the line. The task is to deter-

mine whether or not each given folded 3-D shape with letters

can be made from an unfolded 2-D shape. For each question,

users give answers by choosing yes or no. Therefore, it

requires the user to build 3-D object representation and direc-

tion in mind and work well on mental letter rotation.

FORSpatial system has excellent flexibility. F in FORSpatial

refers to the letter that we use in practice with feedback in the

application. O refers to the letter that we employ in the learning

area with 3-D interaction in the application. R refers to the letter

that we use in the test. These letters can be selected, and the

shapes can be designed according to the usage of the FORSpa-

tial system. The rich combination of letters and shapes makes it

possible to adjust the difficulty of the test and learning applica-

tion in the system, making it suitable for primary, secondary,

college students, etc. In this work, we have designed 24

unfolded 2-D shapes in the FORSpatial training application,

including eight shapes with one, two, and three letters.

1) Shapes: In FORSpatial, the shapes are created based on

basic shapes, such as triangles, squares, and circles. The sam-

ple shapes in the test [38] inspired the creation of some shapes

in our work. As shown in Fig. 2(b), here are some shape exam-

ples in the current FORSpatial application, including triangles,

squares, and their combination. The mental folding difficulty

varies among shapes.

2) Letters: We regard letters as patterns. In FORSpatial,

we put one, two, or three same letters on the surface of shapes

to increase the difficulty of spatial thinking. The letters can

have zero, one, or two lines of symmetry. The lines of symme-

try are shown in Fig. 3 in dotted lines with the arrow. A letter

having one line of symmetry can be divided into two congru-

ent parts, which are mirror patterns of each other. For exam-

ple, A and B have one line of symmetry. The A has a vertical

line, while the B has a horizontal line. The O has two lines.

The F and R have zero lines of symmetry and cannot be folded

in half in any way with the parts matching up. The spatial

visualization and reasoning difficulty vary among these letters.

An increased number of letters also increases the difficulty.

As shown in Fig. 3, the letter continuum gives the similarity

between two letters. Concerning the number of lines of sym-

metry, the O is quite different from F. R is similar to F, and F

is the same as F. Since the asymmetry of the letters increases

the difficulty of the test, we use F and R in the current instance

of FORSpatial system. We use R in the test, and each item has

one, two, or three letters on the surface of eight shapes. For

the practice with feedback in the application, we use F to cre-

ate questions.

3) Principles of Questions/Tasks Set up in FORSpatial

Test/Application: If users want to answer correctly, they need

to succeed in the following aspects.

1) Fold 3-D object from 2-D flat figures, do some simple

rotation, identify this object from any angle, and associ-

ate the faces and sides of the object to the parts of the

shape in mind.

Fig. 1. Architecture of the FORSpatial system.

Fig. 2. Design scheme based on a flexible combination of shapes and letters
in FORSpatial. (a) Combination of one letter and one shape, and the samples
of 2-D shape from this combination. (b) Three sample questions for FORSpa-
tial test.

Fig. 3. Letter continuum and sample letters.
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2) Identify that the letter is on which face.

3) Recognize that the letter’s orientation relative to the

face.

We design FORSpatial to test and enhance these aspects. In

FORSpatial, the test and practice are yes–no questions, as

shown in Fig. 2(b). Users need to determine each given item

on the right made from an unfolded 2-D shape and choose yes

or no. The distractors (incorrect answer choices) are made

plausible, which are designed based on the following princi-

ples (see Fig. 4).

1) Principle 1: The letter appears on the incorrect face.

2) Principle 2: The letter has an incorrect orientation on

the face.

3) Principle 3: The letter has incorrect handedness.

Through these exercises, users can reflect instantly with

immediate feedback about the correctness of their choices.

They can verify whether their strategies are helpful and correct.

Besides, they can check whether mental representation is con-

sistent with the visualized objects via an accurate visualization.

4) FORSpatial Training Application: The application pro-

vides 3-D visualization, direct manipulation of virtual objects,

and instant exercises with feedback. It has a guided tour and

scenes for manipulating and practicing. The guided tour explains

how to use this application in the form of a video.

Through the mouse, users can easily interact with this desk-

top VR application. The current application contains 24

scenes, and each scene has the UI of navigation, learning area,

and four practices with feedback (see Fig. 5). From one scene

to another, users move forward or backward, controlling the

learning path at their own pace. They can fold the 2-D shape

to its 3-D form or unfold the shape in the interactive space via

OPEN and CLOSE buttons in each scene. They can also watch

the animated opening and closing process from 2-D to 3-D or

vice versa. Concerning manipulation, users can drag and rotate

the 2-D shape or its 3-D form to any direction to observe.

The practice with feedback supports users to reflect, fix

errors in the cognitive structure in mind, and learn with goals.

Otherwise, they would lack the purpose and quickly lose inter-

est by simply playing with the 3-D model in the learning area.

In addition, FORSpatial logs users’ interactions, including

the time spent in each scene, the type of interaction behavior

and its frequency in each scene, when the behavior occurs,

when the user does the exercise, and whether the exercise is

correct. The logging format is.txt, which can be easily loaded

into EXCEL or read by Python applications for further analy-

sis. This logging function assists researchers and experiment-

ers in analyzing the behaviors of users.

5) FOR Versus FAR: Concerning the letter used in the

interactive 3-D area, we have two versions, FOR and FAR

(see Fig. 5). In the FOR version, we use O, which is different

from the F, not having an orientation. In the FAR version, we

use an arrow having the same orientation as the F. Since the

arrow is similar to A, we called this version FAR.

The O and the arrow (stands for letter A) are different from

the letter F in the continuum. On the one hand, we explore

whether the pattern of the letter, namely, the orientation, can

promote learning. On the other hand, we investigate whether

the similarity between patterns in the learning area and prac-

tice area would make the training different.

B. Implementation

We develop 3-D objects used in the FORSpatial with 3Ds

Max 2018 [39] and make the application with unity 2018.2.17f1

for PC [40]. The current version is rendered to the connected

monitor in the desktop-3-D condition. The 3-D objects are freely

available on the Unity asset store [41]. Users can install FOR-

Spatial on PC andMac.

The FORSpatial system allows for the training on a desktop

VR, fully immersive VR environment, and web browser VR,

supporting both online and offline training. In this article, we

present the user study on the desktop VR version.

IV. USER STUDY

To evaluate and examine the FORSpatial training applica-

tion, we organized a user study with 49 participants and

explored the following research questions (RQs).

1) RQ1: Can FORSpatial improve spatial ability?

2) RQ2: What do learners think about FORSpatial?

3) RQ3: What aspects of FORSpatial training application

design need improvement?

A. Participants and Procedure

We recruited 49 participants, including 27 females and 22

males. Participants were studying at the university and com-

pensated for their time. They aged between 19 and 28 years

(M = 22.51, SD = 2.02). All participants had a normal or

corrected vision.

We employed a 2� 2 mixed design with between-subject

groups, namely, an experimental group and a control group

with and without training by interacting with FORSpatial. The

Fig. 4. Sample of 3-D object distractors. (Top) Letter appears on the wrong
face. (Middle) Letter has an incorrect orientation on the face. (Down) Letter
has incorrect handedness.
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testing phases were based on a within-subject design using the

pretest/post-test comparison. In this experiment, 24 partici-

pants were assigned to the experimental group and 25 partici-

pants to the control group (see Fig. 6).

Participants in the experimental group completed tasks of

three phases: the pretest, training, and post-test phases. In the

pretest phase, participants filled out the spatial ability task

test, at most 30 min, trying to answer correctly at the fastest.

We also collected the demographic information, pretest,

matrix questionnaire, and short interview data. After about

one week on average, participants continued to participate in

the training and post-test phase. In the training phase, partici-

pants learned with FORSpatial in a desktop VR environment,

where they interacted with 3-D objects and practiced with

designed test items (see Fig. 7). We used a designed combina-

tion of the letter R and shapes in the training application. To

investigate whether the orientation of the letter on the 3-D

model of the learning area affects the training, we dynamically

assigned the participants to either FOR training group or FAR

group, keeping the balance of the gender and performance.

Each group had 12 participants. Both FOR and FAR were

FORSpatial applications, the tasks in which were the same.

The only difference was the letters used in the learning area.

In the FOR group, we used the letter O, offering nonorienta-

tion. In the FAR group, we used the arrow offering orientation

(see Section III-A3 for the interpretation of FOR and FAR).

The training stage took about 30 min. After completing the

training tasks, we instructed participants to perform in the

post-test phase. We collected the data of post-test, usability

questionnaire, matrix questionnaire, and a short interview.

Participants of the control group were only involved in the

pretest and post-test phases. This group performed the same

pretest and post-test as the experimental group.

We first determined whether there was a difference in spatial

ability among two groups. Since scores in the pretest were not

normally distributed, we did a Mann–Whitney test. The prelim-

inary result showed that pretest scores in the experimental

group (Mdn=38.5) did not differ significantly from the control

group (Mdn=36), p> 0.05. Therefore, there were no pre-exist-

ing differences among two groups in performing spatial tasks.

Fig. 5. Interactive space of one scene in FORSpatial.
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B. Pretest, Post-Test, and Practice in the Training

Application

To explore whether pretest and post-test tasks are relevant

to spatial ability, we conducted an online survey. We recruited

100 participants from two universities in varying majors.

These participants were not the same in the experimental

group of the experiment. The data of 96 participants (36 males

and 60 females) aged 18 to 26 years (Mean=20.27, SD=2.07)

were valid. We asked participants to perform a spatial visuali-

zation and rotation test online. They should finish our pro-

posed 48-item pretest and the 20-item Purdue visualization of

rotations (ROT) test [29]. ROT test has been used widely and

proved as a valid measure of spatial ability. We did a correla-

tion analysis by running Pearson’s correlation to measure the

relationship between FORSpatial task scores and ROT test

scores. The result showed a significant relationship between

the pretest and ROT test scores, r=0.66, p< 0.05. Therefore,

the tasks in the pretest and post-test can reflect spatial ability.

The pretest and post-test have similar questions, based on

shapes with the letter R. Both the pretest and post-test contain

48 items. The practice in the training application includes sim-

ilar test items as in the pretest and post-test but based on

shapes with letter F. Principles of the question and distractors

used in pretest, post-test, and practice of training application

were consistent. We did a reliability analysis to measure the

consistency of our proposed test, with a coefficient Cronbach’s

a [42] of 0.841, indicating good overall reliability of this test.

C. Measures and Subjective Opinions

We collected and analyzed the test performance, matrix

questionnaire, interaction logging, usability questionnaire, and

the interview for the experimental group. The measures

include score, test completion time (TCT), mental representa-

tion vote, interaction frequency, and duration.

1) Score measures the number of correct answers in the pre-

test or post-test, obtained through pretest and post-test.

2) TCT refers to the amount of the time (in seconds) that a

participant spends to complete a pretest or post-test, col-

lected through interaction logging.

3) Mental representation vote measures whether a partici-

pant can represent the shape and the letter in mind,

obtained through matrix questionnaire.

4) Interaction frequency measures the number of click and

drag actions, reflecting the frequency of rotating the 3-

D object, unfolding the 3-D object to the 2-D flat shape,

and folding 2-D to 3-D object. We obtained interaction

frequency via interaction logging.

Fig. 6. Procedure of the experiment. The experimental group participated in three phases, while the control group did not learn with FORSpatial.

Fig. 7. Illustration of the experimental setup. One participant sat before the
desk and interacted with FORSpatial via a mouse.
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5) Duration measures the amount of time (in seconds) that

a participant uses, obtained through interaction logging.

We interviewed participants and asked them to describe

their thinking process in the tests and reflect how they perform

3-D generation and rotation in mind and solve the problem.

We also asked about what strategies they would adopt when

failing to generate 3-D or the numbers of the letter increasing.

V. RESULTS

A. Learning Effect

We tested the learning effect of training application from

two aspects: objective and subjective aspects. Thus, results on

learning effect include the following measures. We used these

results to analyze whether FORSpatial can improve spatial

ability:

1) scores and TCT in pretest/post-test;

2) participant’s votes on mental representation in pretest/

post-test;

3) scores and TCT between the high and low group in pre-

test/post-test.

Kolmogorov–Smirnov (K–S) test of observed values (differ-

ences between scores) and visual inspections of their histo-

grams, normal Q-Q plots, and box plots showed that scores in

pretest and post-test were not normally distributed. Therefore,

we used the Wilcoxon signed ranks test to analyze data. For the

control group, scores were not significantly different between

the post-test (Mdn=35) and the pretest (Mdn=36), z=�2.676,

p> 0.05, r=�0.54. However, for the experimental group,

scores were significantly higher in the post-test (Mdn=42.5)

than in the pretest (Mdn=38.5), z=�4.07, p< 0.05, r=�0.59.

Since differences between TCT in the pretest and post-test

were normally distributed, we used paired t-test. On average,

participants spent significantly less TCT in the post-test

(M=813.58 s, SD=221.57) than in the pretest (M=1491.08,

SD=503.30), t(23)= 6.40, p< 0.05, r=0.80. Results of scores

and TCT showed a significant pretest/post-test improvement in

mental representation and spatial reasoning using the FORSpa-

tial training application.

We explored how the training application of FORSpatial scaf-

folded 3-D representation in mind for participants. As shown in

Fig. 8, light gray bars were getting shorter in the post-test than in

the pretest for each shape. Therefore, by comparing votes

whether participants could represent shapes with letters in mind

(see Fig. 8) before and after the training, it showed that partici-

pants could mentally imagine more shapes after the training

with FORSpatial. Besides, when compared the votes of different

letters R, we found that as the number of letters R on the shape

increases, it becomes more difficult for participants to represent

the shape mentally (light gray bars were getting longer).

We also tested the performance improvement difference

between high score and low score groups. We divided partici-

pants based on the median of the pretest (Mdn = 38.5). Partici-

pants with scores above 38.5 were assigned to the high score

group, and participants below 38.5 were assigned to the low

score group. K–S test showed that observed values were nor-

mally distributed. Thus, we used an independent t-test to

explore the difference. High score group learners improved in

the post-test (M=44.67, SD=2.10) compared with the pretest

(M=42.56, SD=2.91). Low score group learners also performed

better in the post-test (M=40.00, SD=1.91) compared with the

pretest (M=32.00, SD=4.41). On average, the low score group

achieved more (M=8.00, SE=1.11) than the high score

(M=2.08, SE=0.48) group in terms of performance improve-

ment. This difference was significant t(22)=�4.87, p< 0.05.

Concerning TCT, high score group learners spent less time in

the post-test (M=784.50, SD=232.15) compared with the pre-

test (M=1681.25, SD=532.96). Low score group learners were

also faster in the post-test (M=842.67, SD=216.59) than in the

pretest (M=1300.92, SD=408.30). On average, the TCT time

difference between the pretest and post-test in the high score

group (M=896.75, SE=139.38) was more significant than that

of the low group (M=458.25, SE=136.98). This difference was

significant t(22)=2.24, p< 0.05. Therefore, the low score group

benefited more than the high score group after the training,

which was consistent with the results obtained in [11].

B. Usability

We tested the usability of the training application via col-

lecting users’ attitudes toward the guided tour, 3-D interaction,

layout, navigation, and learning. The questions asked were

listed in the lower part of Fig. 9. We used these results to ana-

lyze what learners think about FORSpatial. The median of

each category is as shown in Fig. 9. All median were above 4

except the mouse interaction, indicating that FORSpatial had

good usability.

We asked participants to express their opinions. A total of

17 of 24 participants reported that learning was a little compli-

cated due to the limited mouse interaction. They expressed

that the mouse interaction was not very flexible, but they could

rotate in the direction they wanted. For example, No. 11

expressed that I need to click several times to rotate the object

to the desired direction. No. 16 reported that I could achieve

my goal when I used the mouse to rotate, but it is not that flexi-

ble. Therefore, we found that FORSpatial had good usability,

and the learning was useful. However, there was still room to

improve mouse interaction.

Fig. 8. Mental representation votes gathered from the matrix questionnaires
in pretest and post-test phases.
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By coding comments on expressing the 3-D learning experi-

ence, we found that the 3-D interaction in the learning area

also promoted spatial imagination. Ten participants reported

that their spatial imagination had been augmented, including

perceiving more 3-D shapes and positions, imaging more

details, and enhanced rotating skills in the post-test. For exam-

ple, No. 1 expressed that After learning I found that when

rotating the 3D object in mind, the letter started to appear on

the surface that I cannot succeed to imagine in the pretest.

No. 17 commented that I can rotate the object with letters in

mind in many directions, which was impossible in the pretest.

No. 10 reported that I can find the details in mind of shape 8,

but I cannot do it in the pretest.

C. Individual Learning Differences

We also collected data on learner individual differences and

obtained behavior analysis results. We explored the following

questions.

1) Whether the pattern on the 3-D model of the learning

area affects the learning?

2) What is the relationship between the number of letters

and learning difficulty?

3) What strategies do participants adopt to solve spatial

problems?

To investigate whether the pattern, namely, the orientation of

the letter, on the 3-D model of the learning area affects the

learning, we tested differences between FOR and FAR in sup-

porting learning. We used the Mann–Whitney test since the K–

S test showed that observed score values were not normally dis-

tributed. Median is more appropriate than the mean for non-

parametric tests. Therefore, we reported the median here. The

increase of the score in the post-test in the FOR learning group

(Mdn = 3.5) did not differ significantly from the one in the FAR

learning group (Mdn = 3.5), U=69.00, z=�0.18, r=�0.04,

p> 0.05. The K–S test showed that observed TCT values were

normally distributed. Thus, we used the independent t-test. The

TCT time between the pretest and post-test in the FOR learning

group (M = 646.83, SE = 149.52) did not differ significantly

from the one in the FAR learning group (M = 708.17, SE =

156.21), t(22) =�0.284, p > 0.05. Therefore, there was no sig-

nificant difference between FOR and FAR on performance

improvement and TCT reduction.

However, participants’ attitudes toward O and Arrow’s role

in scaffolding learning with FOR and FAR were different.

Half participants in group O (six persons) indicated that the

letter O is horizontally and vertically symmetrical, making the

learning difficult. For example, No. 20 expressed that O has

no direction and I advice change it to the letter like R.

We investigated the relationship between the number of let-

ters and learning difficulty. We calculated the interaction fre-

quency and the duration with one F (1F), two F (2F), and three

F (3F) for each participant. The K–S test showed that observed

values of interaction frequency were normally distributed. We

used one-way repeated-measures ANOVA to test differences

between three groups: 1F (M=36.46, SD=29.17), 2F (M=56.00,

SD=44.08), and 3F (M=52.58, SD=40.12). Results showed that

the interaction frequency in learning was significantly affected

by the number of letters, F (1.89, 43.50) =7.73, p< 0.05. The

interaction frequency significantly changed when participants

were learning in conditions 1F, 2F, and 3F. Observed values

of duration were normally distributed. We used one-way

repeated-measures ANOVA. On average, it cost the longest

time to learn with 3F (M=707.38, SD=284.10), followed by 2F

(M=641.67, SD=301.50), and it cost the least time to learn with

1F (M=435.58, SD=201.50). Results showed that the duration

of learning was significantly affected by the number of letters,

F (1.56, 36.0) =44.68, p< 0.05. Therefore, there were signifi-

cant differences in interaction frequency and time in conditions

1F, 2F, and 3F. An increase in the number of letters raises the

difficulty of the task.

Finally, we explored learners’ behavioral differences in

using strategies for solving spatial problems. Based on partic-

ipants’ responses on strategies, results showed that the partici-

pants could be categorized into mental imagery, spatial

analytic, and poor spatial analytic users.

1) Mental imagery user (high performance; mainly relying

on imaging strategies to solve problems). For example,

No. 1 expressed that Except shape two with 3R, the rest

can be imaged in my mind. But I can only rotate part of

the objects, and I can rotate the object in the left-right

direction (horizontal direction) but cannot rotate in the

up-down direction (vertical direction).No. 23 expressed

that The shape with letters can be easily generated in

my mind naturally and I then can find R on the object.

No. 5 expressed that I can directly image objects.

2) Spatial analytic user (moderate performance; using

fewer imagination strategies, mainly relying on spatial

cognitive-analytic strategies; strategies are used ade-

quately). For example, No. 10 expressed that I can image

folded shapes, but need to think the details on the shapes.

It’s hard to image these details. No. 21 expressed that I

can image only simple objects, but for slightly more diffi-

cult ones, in fact, I mainly looked at the relative position

Fig. 9. Usability boxplot.
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of the letter R and the edge of the corresponding figure,

repeatedly folding and unfolding in the brain, and com-

pared them.

3) Poor spatial analytic user (low performance; using

fewer imagination strategies, mainly relying on spatial

analysis strategies; Inadequate use of strategies). For

example, No. 12 expressed that I can image the simple

figures with just one R. When the number of R increases,

I fixed one R and checked another’s position, and com-

pared the R direction. Sometimes, I cannot make it clear

what the correct direction of three R on the surface. No.

17 expressed that “I cannot imagine the 3D generation

when R increases. When I failed, I started to use the

position of R and the edge or guess the answer.

Participants used spatial analytic strategies differently. The

strategies include checking the direction of R (the direction of

the top, bottom, and front of R), the relative position of several

R, the relationship of R and shape, the position between R and

edge, the position between R and angle, and whether reversed

R appears.

From comments on the training process, we found that their

3-D learning experience was similar. For simple shapes, they

directly imagined the test area’s question and worked it out in

mind. For complex shapes, they first tried to imagine the learn-

ing area’s O or Arrow as F. Then, they fold the flat shape into

a 3-D object and thought about the questions in the test area,

repeatedly rotating, unfolding, and folding this object. For

example, participant No.7 reported that I first folded 2D shape

and made it into a 3D object (in the learning area), rotated it

to the same position as the test item with F in the right test

area, then I observed, imaged and thought about it. Participant

No. 5 stated that I matched F to the position of O and remem-

bered this position, then folded it up and rotated it.

VI. DISCUSSIONS AND LIMITATIONS

A. Can FORSpatial Improve Spatial Ability?

The answer is yes. Results from the comparison between

experimental and control groups showed a significant improve-

ment in training. Via training, participants gained mental repre-

sentation, rotation, and spatial reasoning skills. From comments

on the 3-D learning experience, we found that the 3-D interac-

tion in the learning area promoted mental representation. More-

over, concerning the experimental group, the low score group

achieved more than the high score group on performance on

average. TCT time difference between the pretest and post-test

in the high score group was greater than that of the low group.

All these showed that the low score group benefited more than

the high score group through FORSpatial training.

B. What Do Learners Think About FORSpatial?

From the learning effects and usability results, we found that

FORSpatial can be used to train spatial ability, and its current

version has good usability. The score of usability and com-

ments from participants indicated FORSpatial application is

useful and can support spatial skills learning. However, there is

still room for improvement in rotating 3-D objects with mouse

interaction.

C. How to Improve the Design of the FORSpatial Training

Application?

There is no significant difference between FOR and FAR on

scores and TCT. But from comments on O and Arrow’s role of

scaffolding learning, we found that some participants in group

FOR complained O and advised a letter similar to R in train-

ing. In the current version, participants were assigned to the

FOR group or the FAR group for learning, and there might be

cases where the participant did not adapt to the current group.

FORSpatial should provide an option for users to choose the

preferred pattern to practice and play.

Based on participants’ interaction logging results, we found

that the difficulty of 1F, 2F, and 3F increases in order. This

finding indicates that the testing and training difficulty level

can be adjusted through a customized combination of shapes

and letters.

Furthermore, we found that users used increased strategies

when patterns became more complex by coding interview

comments. Responses showed that FORSpatial can provide a

scaffold for spatial thinking, supporting visualization and rota-

tion operation outside the mind to foster internal reflection.

However, it is inadequate to use 3-D visualization and exer-

cises with feedback for users. FORSpatial should be embed-

ded with dynamic interactive visual demonstrations of the

reasoning process and question explanations.

VII. CONCLUSION AND FUTURE WORK

In this work, we propose FORSpatial to improve spatial visu-

alization and mental rotation for users. The main contributions

are as follows. First, the scheme and principles can be used for

creating tasks to train two primary spatial skills, and the diffi-

culty of tasks can be customized and adjusted. FORSpatial is

downloadable and free to use, and its components are made

publicly available on the Unity asset store. Therefore, other

researchers are encouraged to use components to create their

training tools to enhance spatial ability. Second, the FORSpa-

tial system considers both the interactivity and pedagogical

aspects. At present, pedagogical consideration in designing and

developing VR products is still lacking. Very few studies have

explored the rationale of design and learning experience. This

study offers critical insights into integrating a pedagogical

approach into VR to create a practical educational application

to reach the desired learning outcomes. Third, results from the

user study verified the usability and learning effects of FOR-

Spatial, and the qualitative data revealed how FORSpatial sup-

ports spatial thinking. Findings of this work have contributed to

the potential of the virtual environment in spatial skills training.

However, current FORSpatial did not consider individual dif-

ferences in spatial abilities and provide personalized learning

paths. In our future work, we will investigate and propose a

novel intelligent spatial ability training system, providing fine-

grained interaction, personalized training support, and automatic

analysis.
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