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Abstract

Virtual reality (VR) technology makes it possible to directly interact with virtual

3D spaces. This enables the realization of VR drawing tools that allow everyone to
create 3D drawings in a simple and intuitive manner. Introducing this new method
of drawing to children at elementary schools can benefit them in multiple ways. One
of the potential benefits is the enhancement of spatial skills. Previous work suggests
that both the drawing of 3D objects and the usage of VR can improve mental rotation
and spatial visualization skills. Since VR drawing is a combination of the aforemen-
tioned activities, it seems promising to investigate its effect on these spatial abilities.
So far, no research has been done into the educational use of VR drawing or its
relation with spatial abilities. This thesis takes a first step in gaining a better under-
standing of the benefits and obstacles that VR drawing brings when introduced at
elementary schools. We performed an experiment with 18 children (ages 10-12). Sev-
eral drawing exercises were implemented and tested. Furthermore, our tests studied
the correlation between the participants’” spatial ability test scores and proficiency in
creating a VR 3D drawing and whether a few VR drawing sessions are enough to
increase these spatial ability test scores.
Our results show improvement in the children’s 3D drawing skills but not in their
spatial skills. Their drawing skills do seem to be correlated with their mental ro-
tation ability, although further research is needed to conclusively confirm this. This
thesis lays the foundation for future research into the educational use of VR painting
tools and shows that it is indeed a promising direction for further evaluation.
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Preface

This thesis, entitled Drawing in a Virtual 3D Space, has been written to fulfill the
graduation requirements of the MSc Game and Media Technology programme at the
Utrecht University (UU). It investigates the potential for educational use of painting
in Virtual Reality (VR) at elementary schools. The idea of this research was proposed
by ING and KLEURIinCULTUUR. The main deliverables of this thesis are:

A scientific paper, which can be found in Part 1 of this document.

An annotated appendix to complement the scientific paper, which can be found
in Part 2 of this document. The appendix contains:

- A concise review of the broad initial literature study.

- Additional information and data of the experiments that are relevant for
the thesis, but not contained in the paper.

The extended version of A-Painter that was created for this research project,
which can be found at: https://wendybolier.github.io/, and its source code
at: https:/ /github.com/WendyBolier / WendyBolier.github.io.

A summary video targeted at a broad audience containing footage of the tests
and painting sessions: https://youtu.be/uEWCSmAXxMI.

Wendy Bolier
Utrecht, July 22, 2017
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1.1. Introduction

Drawing in a Virtual 3D Space - Introducing VR Drawing in Elementary

School Art Education

WENDY BOLIER, Utrecht University

Virtual reality (VR) technology makes it possible to directly interact with
virtual 3D spaces. This enables the realization of VR drawing tools that allow
everyone to create 3D drawings in a simple and intuitive manner. Introduc-
ing this new method of drawing to children at elementary schools can benefit
them in multiple ways. One of the potential benefits is the enhancement of
spatial skills. Previous work suggests that both the drawing of 3D objects
and the usage of VR can improve mental rotation and spatial visualization
skills. Since VR drawing is a combination of the aforementioned activities,
it seems promising to investigate its effect on these spatial abilities.

So far, no research has been done into the educational use of VR drawing or
its relation with spatial abilities. This research takes a first step in gaining a
better understanding of the benefits and obstacles that VR drawing brings
when introduced at elementary schools. We performed an experiment with
18 children (ages 10-12). Several drawing exercises were implemented and
tested. Furthermore, our tests studied the correlation between the partici-
pants’ spatial ability test scores and proficiency in creating a VR 3D drawing
and whether a few VR drawing sessions are enough to increase these spatial
ability test scores.

Our results show improvement in the children’s 3D drawing skills but not in
their spatial skills. Their drawing skills do seem to be correlated with their
mental rotation ability, although further research is needed to conclusively
confirm this. This research lays the foundation for future research into the
educational use of VR painting tools and shows that it is indeed a promising
direction for further evaluation.

Additional Key Words and Phrases: Virtual Reality, Painting, Drawing, 3D,
Spatial Visualization, Mental Rotation, Spatial Abilities, Children, Art educa-
tion

1 INTRODUCTION

A new way of drawing arose with the advent of VR: the possibility
to draw directly into a virtual 3D space. One of the big advantages
of this way of drawing is that it provides a very natural, intuitive
way to draw in 3D without the need for graphical projections or
complicated software. It also brings opportunities that are impossi-
ble in the real world. As Brody and Hartman wrote:

“Painting in space, unfettered by gravity or a ma-
trix to hold the paint, is like painting in a world of
pure imagination” - Brody and Hartman [11]

By introducing this technology to children at elementary schools,
they get acquainted with new technologies and new ways to create
art. Children also find drawing in VR very interesting, thus this
might encourage them to draw more often. This is desirable as
drawing has many benefits related to creativity, memory, problem
solving skills and mental health. [12, 16, 23, 41]

Furthermore, research suggests that both the drawing of 3D objects
and the usage of VR can be beneficial for the improvement of spatial
abilities, which are essential cognitive abilities used to interpret

This work was supported and initiated by ING and KLEURinCULTUUR.

incoming visuo-spatial information [32, 33]. Not only are spatial
abilities used in everyday activities, such as navigating around the
house, they are extremely important in fields such as engineering,
science and technology [7, 21, 33, 35]. Given the importance of
spatial skills and the fact that VR drawing is a combination of the
abovementioned activities, we consider it worthwhile to investigate
its effect on spatial abilities.

This research investigates how drawing in a virtual 3D space can be
used beneficially in art education of younger children (ages 10 to 12).
We have implemented several drawing exercises to teach children
how to draw in 3D. In our experiment, we evaluate their effect on
the participants VR drawing skills. Furthermore, we study the rela-
tionship between the children’s spatial abilities and their proficiency
in creating a VR 3D drawing. Finally, we examine whether a few
VR drawing sessions are enough to increase the children’s scores
on a spatial ability test.

In addition to these findings, we identify and describe potential
issues children face when learning to draw in VR. We also provide
suggestions based on our experiences and the responses of the chil-
dren during the experiment.

The remainder of the paper is structured as follows: Section 2 dis-
cusses the related work. The experiment is described and discussed
in Sections 3, 4 and 5. Section 6 closes with a conclusion and ideas
for future research.

2 RELATED WORK
2.1 VR Painting

The development of VR technologies has made it possible to directly
interact with virtual 3D spaces, allowing everyone to create 3D
drawings intuitively and without the need of experience [39, 40].
Furthermore, artists are offered the ultimate freedom and the chance
to immerse themselves and their public into their works [8, 17].
Since the only difference between digital painting and drawing is
the material that is being simulated, which is not relevant for our
research, we will use both terms interchangeably in this paper.
Since the emergence of head-mounted displays (HMDs) on the
consumer market, many VR painting tools have been released. Some
well-known examples are Tilt Brush [3], Quill [2] and A-Painter [1].
For this study, the choice was made to use A-Painter, as it is open
source and thus allows us to make the changes necessary for our
research.

Although a lot of research exists on the technologies behind this
new form of drawing, there is no research on the drawing itself
and the teaching of it. Wanting to introduce this new form of art to
elementary school children, it is important to know what could be
possible pitfalls and benefits. Given the lack of previous research in
this area, we study several aspects of introducing 3D VR drawing
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to children in an exploratory manner.

A broad initial literature study identified spatial abilities as the
most promising research direction in relation with VR drawing. The
following sections will discuss the related research of this direction
in more detail.

2.2 Spatial ability

Although it is generally agreed upon that spatial ability is an impor-
tant component of intellectual ability, many interpretations exist as
to what it is exactly. Spatial abilities have been defined and subdi-
vided in many different ways and there is no one universal definition
[22, 35, 36]. For our purpose, we will however only distinguish two
components: spatial visualization and mental rotation. Linn and
Petersen [22] describe spatial visualization as "the ability to perform
complicated, multistep manipulations of spatially presented infor-
mation". Mental rotation is described as "the ability to rotate two or
three dimensional figures rapidly and accurately”.

The difference between spatial abilities and spatial skills is that peo-
ple are born with the first, while the second is acquired through
training [36]. However, in the literature these terms are often used
interchangeably, since distinguishing between those in practise is
nearly impossible.

The development of spatial ability is influenced by gender, age and
spatial-related experience [33]. Many studies have revealed that the
spatial visualization skills of men are better than those of women
[13, 19, 33, 36]. Theories aiming to explain this difference include
biological factors, such as male cerebral lateralisation and the male
sex hormone, and environmental factors, such as gender-typed so-
cialisation [19, 33, 36].

Spatial ability is not fully developed until adolescence is reached
[33] and research has shown that spatial activities during childhood
are very important to support this development [9, 13]. Activities
that have been found to improve spatial abilities include playing
with construction toys, participating in some types of sports and
playing certain computer games [37]. Another activity that is often
mentioned in combination with the development of spatial skills is
sketching and drawing (S&D), which is discussed in the next section.

2.3 Improving spatial abilities with drawing

A considerable number of studies suggest that the sketching or
drawing of 3-dimensional objects improves spatial visualization
skills [6, 21, 28, 33, 38]. However, in these studies the drawing activ-
ities are often combined with other spatial visualization improving
activities, making it impossible to attribute the performance im-
provements solely to drawing. This corresponds with Braukmann
and Pedras’ statement that not all drawing activities improve spatial
skills and that a spatial context is critical [28]. Nevertheless, the
drawing itself does seem to play a major role in the development
of spatial skills; Leopold, Gérska, and Sorby [21, 28] found that
courses that relied heavily upon S&D activities were more effective
in developing spatial skills than courses that did not. Alias et al. [7]
also found the attitude towards S&D to be relevant; they found a
statistically significant correlation between the usage tendency of
S&D and spatial visualization ability.

Both Rafi et al. [33] and Alias et al. [6] investigated the effect of S&D
activities on spatial visualization skills and both found a statistically

significant improvement in the spatial visualization ability of their
participants. Rafi et al. [33] also found a significant performance
gain in mental rotation accuracy but not in mental rotation speed.
No significant improvements in mental rotation ability were found
by Alias et al. [6]. A possible explanation presented by Alias et al.
is the lack of shared characteristics between the exercises and the
test. They mention that studies reporting improvements mostly use
practise tasks that are very similar to the tasks on the test. Alias et
al. also mention the implicit teaching of mental rotation skills as a
probable cause, as, for example, they did not ask their subjects to
draw the objects from different views. This might also explain the
difference between the results of these two studies, as Rafi et al. did
include different views in their training.

Although many studies suggest that the drawing of 3D objects is
beneficial for the improvement of spatial visualization skills, more
research is needed to prove the exact influence of S&D by itself.
Furthermore, the existing studies all apply to drawing 3D objects
onto a 2D surface using graphical projection. No research exists yet
evaluating the benefits of drawing 3D objects in a 3D space.

2.4 Improving spatial ability with VR

Developing spatial skills using VR is a very popular research topic in
which many promising results have been obtained [24, 26, 29, 30, 32,
34, 35]. The main advantage of using VR is that it allows students to
observe and manipulate 3-dimensional objects directly in 3D space,
which helps them understand spatial concepts and relations [20, 32].
Additionally, many of the advantages of VR as an educational tool,
such as increased engagement [10, 18, 25, 27], apply here as well.
Gutiérrez et al. [24] compared the improvement of spatial skills after
training with various 3D virtual technologies and traditional meth-
ods; the various 3D virtual technologies being Augmented Reality
(AR), VR and PDF3D. Their results showed a significant difference
in improvements favoring the 3D virtual technologies over the tra-
ditional methods. They however did not find a significant difference
between the various technologies.

Besides the studies that have successfully employed VR to improve
spatial skills, there are also studies that have not yielded positive
results; in particular the large-scale study (215 participants) carried
out by Diinser et al. [15]. In this study the effectiveness of spa-
tial ability training with an AR application was investigated. The
results did not show significant differences between the AR and
non-AR groups. It is hypothesized that traditional spatial ability
tests might not be suited very well to detect skills that are required
or trained in 3D space. This is a likely cause for the lack of positive
results in this study, seeing as students in VR, or AR, can directly see
and manipulate 3-dimensional objects without having to interpret
or mentally transform 2-dimensional representations of these ob-
jects, something that is necessary in traditional spatial ability tests.
Other studies that did achieve improvements on the traditional tests,
generally implemented some association with the 2-dimensional
representations or used an adapted VR test [34].

Finally it needs to be emphasized that the VR applications in these
studies are completely focused on the training of spatial skills. Con-
cerning spatial visualization and mental rotation, no proof exists
that an arbitrary VR application will have a positive influence on
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(a) The setup during the individual VR drawing sessions.

(b) The classroom setup during the spatial ability tests.

Fig. 1. Photos of the different setups during the experiment.

these abilities. However, given the fact that activities such as playing
with construction toys have proven to benefit spatial abilities, we
assume that VR applications with suitable activities can achieve this
as well without the need to focus mainly on training spatial skills.

3 EXPERIMENT

This section describes the setup of our experiment. A pre-study
and trial run have been conducted beforehand with the aims of
gathering initial information, testing the software and optimizing
the setup.

Section 3.1 outlines the objectives of the experiment. Section 3.2
discusses the materials and implementation. Section 3.3 contains in-
formation about the participants and finally the setup and procedure
are described in section 3.4.

3.1 Objectives

To obtain as much information as possible, our experiment is set up
in such a way that multiple objectives can be fulfilled.

Our first objective is taking a first step in investigating how VR
3D drawing can be taught best. For this we developed a number of
training exercises to see whether they would be effective and how
they would be received by the children. The exercises are based on
existing drawing exercises, results gathered during the pre-study
and advice given by the involved art teacher. Our first research
question and accompanying hypothesis are phrased as follows:

Research question 1 - Are training exercises helpful to improve
children’s drawing skills in a virtual 3D space, even with only a
small number of training sessions (e.g., four sessions of 35 minutes)?
Hypothesis 1 - We expect that due to the targeted training exer-
cises, children’s drawing skills will improve even after only very
few sessions.

Since spatial visualization is used to create mental 3D images, we

expect well-developed spatial visualization skills to be an advantage
when painting in a virtual 3D space; especially when painting from
memory or creating a 3D painting based on a 2D image. However,
this has not yet been studied. Therefore, our next research question
and hypothesis are:

Research question 2a - Is there a connection between a person’s
spatial visualization ability and their proficiency in creating a 3D
drawing in a virtual 3D space, with a 2D image as example?
Research question 2b - Is there a connection between a person’s
spatial visualization ability and their proficiency in creating a 3D
drawing in a virtual 3D space, with a 3D model as example?
Hypothesis 2 — We suspect that these skills are directly related.
That is, children with a high score in the spatial visualization test
will also have high grades for their 3D drawings, and vice versa.
Since spatial visualization encompasses the ability to create mental
3D images out of limited information, we suspect it to have a bigger
influence on 2a than on 2b.

Our third objective is investigating the potential positive impact
of VR drawing on spatial skills. Despite the fact that the research
in both areas is still quite incomplete, we believe that enough evi-
dence exists to suggest that both drawing and the use of VR, when
properly employed, can be beneficial for the development of spa-
tial visualization and mental rotation. We phrase the final research
questions and hypothesis as:

Research question 3a - Can children’s spatial visualization skills
be improved by 3D drawing in VR, even with only a small number
of sessions (e.g., four sessions of 35 minutes)?

Research question 3b - Can children’s mental rotation skills be
improved by 3D drawing in VR, even with only a small number of
sessions (e.g., four sessions of 35 minutes)?

Hypothesis 3 - Already after a small number of sessions, we expect
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Fig. 2. The steps of the step-by-step chicken exercise.

Fig. 3. The optional extra steps that show a possible way to construct a
cube.

Fig. 4. The ’previous step’ and ’next step’ buttons. They turn yellow when
the controller is close enough to select them.

that children will score higher on the spatial ability test.

Besides the experimental research questions described above, our
experiment investigates multiple aspects of learning to draw in VR
in an exploratory manner. This includes observing the children dur-
ing the drawing sessions, having an interactive conversation with
them and letting them fill out questionnaires. Interesting findings,
such as issues that children encounter when learning to draw 3D
figures in VR, are discussed in section 5.

3.2 Materials and Implementation

3.2.1 Hardware. The VR hardware consisted of an HTC Vive,
which is a VR set with a head mounted display (HMD), two handheld
controllers and two base stations. The base stations were placed
diagonally to create a room-scale setup of 3 x 2.5 m (see Figure 1a).
The laptop used to operate the HTC Vive was an Asus ROG GL502VS-
FY038T with an Intel Core i7-6700HQ processor and NVIDIA GeForce

1070 GTX graphics card. The headset was used in Extended Mode,
with the HMD showing the painting environment and a separate
screen showing both the view of the participant and additional
controls. This allowed the experimenter to follow and manage the
experiment.

Finally, a simple digital camera was used to record parts of the
experiment.

3.2.2  Software. The main software used for this experiment was
A-Painter. A-Painter is an open-source, web-based VR painting tool.
It was created by the Mozilla VR team using A-Frame, which is
a web framework for building VR experiences. A-Frame is based
on HTML but has an entity-component architecture with access
to JavaScript, DOM APIs, three.js and WebGL. To run A-Painter, a
WebVR-enabled browser is needed. In this research the experimental
build of Chromium with WebVR support was used.

During the experiment, an adapted and expanded version of A-
Painter was used. Changes to A-Painter were made in HTML and
JavaScript using JetBrains WebStorm 2016. The adaptations include
the addition of a menu, to enable the experimenter to control the
experiment, and the implementation of several drawing exercises.
Section 3.2.3 discusses these exercises in more detail.

The used 3D models were downloaded from TurboSquid, with a
Royalty Free License, and adjusted with Blender. Finally, SteamVR
was used to set up and handle the HTC Vive, Paint.NET to create all
2D images, Open Broadcaster Software (OBS) to record all sessions
and IBM SPSS Statistics 23 to perform the statistical analysis.

3.2.3 Drawing exercises. Based on insights gained during the
pre-study and advice of the involved art teacher, it was decided to
implement two kinds of drawing exercises: basic shapes and step-
by-step (SBS) exercises.

During the basic shape exercises, a 3D model of a shape is shown in
the virtual environment. The children are asked to copy this shape.
If they find this difficult or do not know where to start, they are able
to ask for help by pressing a button. This button starts step by step
instructions that show a possible way to create that shape. Figure
3 shows the steps that are shown for the construction of a cube.
The children are able to control the steps themselves by pressing
the ‘previous step’ and ‘next step’ buttons (shown in Figure 4). The
included basic shapes are: a cube, a pyramid, a sphere, a cylinder
and a cone.

The SBS exercises make use of the same mechanics as the help
function of the basic shapes. The exercises start with a simple shape
that is expanded every time the child presses the ‘next step’ button.
The main goal of these exercises is to show the children that they
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(b) Garden House

(a) Firefly

Fig. 5. The example figures for the graded drawings.

can create complicated figures by combining the basic shapes they
practised earlier. Three SBS exercises were created: a tree, a church
and a chicken. The steps for the latter are shown in Figure 2.

3.24 Spatial ability test. A spatial ability test consisting of two
parts was created. The first part contains the questions of 123test’s
Spatial Reasoning Test (SRT) [5] to test the spatial visualization
skills of our participants. This test is very similar to the well-known
DAT:SR; it also consists of mentally folding 2D patterns into 3D
objects. The SRT from 123test was chosen based on its scientific
foundation [4], the simplicity and clarity of the questions, its length
(only 10 questions) and its free use policy.

The second part, which tests mental rotation skills, contains ten
questions of the redrawn Vandenberg and Kuse Mental Rotations
Test created by Peters et al. [31]. The Vandenberg and Kuse MRT
was chosen due to its popularity and known reliability. Since the
original version of this test is difficult to obtain and of poor quality,
it was decided to use a redrawn version.

In order to be able to measure if any differences have occurred due
to the VR drawing sessions, everyone made the spatial ability test
twice; once before the sessions (the pre-test) and once after (the
post-test). To make sure that the participants would not perform
better the second time by remembering the answers, for example
because they discussed them with classmates after the first test, two
different versions were made. Both versions contained the same
questions in order to keep the results comparable. However, the
orders of both the questions and the answers were shuffled.

3.3 Participants

18 elementary school children (seven boys and eleven girls) par-
ticipated in this experiment. They were 10, 11 or 12 years old and
all in the same grade. The children had no prior knowledge of the
experiment, participated voluntarily and did not receive any form of
compensation. Both the children and their teacher signed a consent
form before the start of the experiment.

The participants were divided into three groups of six. While cre-
ating the groups, only gender was taken into account. Gender is
an important factor in spatial abilities (see Section 2.2), therefore
groups were created with boys and girls divided as evenly as possi-
ble. Besides gender, the division was completely random.

The different groups and their descriptions can be found in Table 1.

I

(b) Drawing of the garden house

(a) Drawing of the firefly

Fig. 6. Graded drawings made by two of the participants.

3.4 Setup and Procedure

The whole experiment ran over the course of five weeks. It started
and ended with a 40 minute classroom session involving all partic-
ipants. In between, all group A and B participants had individual
VR drawing sessions once a week, except for one holiday week in
the middle. Since we assume that only a short amount of training is
sufficient, we decided to restrict the number of individual sessions
to four. The duration of each individual drawing session was 35
minutes.

3.4.1 Classroom sessions. During the classroom sessions, the
participants made the spatial ability tests, filled out the question-
naires and received information about the experiment.

Before starting the spatial ability test for the first time, the children
were asked to form groups of two and solve four example exercises.
Additionally, each group received printed 2D patterns of the exam-
ple SRT questions. These could be folded into cubes, helping them
understand how the SRT exercises work. Their answers were jointly
discussed and more explanations were given when necessary.
When everyone understood the example exercises, the spatial abil-
ity tests were made individually. Half of the participants received
version 1 during the pre-test and version 2 during the post-test, the
other half of the participants received version 2 during the pre-test
and version 1 during the post-test.

They were asked to not discuss the VR drawing sessions with each
other and to not use VR painting software anywhere else for the
length of the experiment.

Figure 1b shows the setup during the classroom sessions.

Fig. 7. The example scene seen from above, the left polar bear is 3D while
the right one is 2D.
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Group Description

Gender distribution

Experiment group (A)

This group will participate in the VR painting training sessions with exercises. 4 female, 2 male

Training control group (B) This group will spend the same amount of time painting freely in VR, without 4 female, 2 male

instructions or exercises.
Spatial control group (C)

This group will not participate in any VR painting activities.

3 female, 3 male

Table 1. The different participant groups.

3.4.2  Individual drawing sessions. At the beginning of the first
session, each participant received extensive instructions on the
controls and was given time to try out everything. Once they had
mastered the controls and were familiar with the virtual environ-
ment and painting software, an example scene was started. This
scene (Figure 7) contains both a 2D image and a 3D model of a polar
bear to help explaining the purpose of the first assignment and the
concept of 3D.

The first assignment was the creation of the first part of the so-called
graded drawings (GDs). These drawings were made during the first
and last session with the purpose of rating the participants’ VR 3D
drawing skills. To be able to measure progress, the subjects received
the same examples in the last session as in the first session.

The examples are shown in Figure 5, each subject saw one of them
as a 2D image and the other as a 3D model. The distribution of
2D/3D is based on the Latin square design in order to reduce the
amount of conditions and moreover to avoid participants having
to draw the same figure twice, with the only difference being the
dimension of the example. The orders of the graded drawings were
mixed across and within groups.

The main reason for having two graded drawings, one with a 2D
example (GD2D) and one with a 3D example (GD3D), is the ex-
pectation that spatial visualization will play a more important role
when drawing from memory or creating a 3D drawing based on a
2D image than when copying a 3D model. Since a drawing from
memory is more difficult to grade than one based on an example, it
was decided to study the difference between 2D and 3D examples.
Also for the exploratory part of our research it is quite interesting to
see how children deal with the task of creating a 3D drawing while
only provided with a 2D example. Since they themselves have to
imagine what the figure would look like in three dimensions, we
expect this to be more difficult than copying a 3D model.

During the second and third sessions, the participants from group
A made the drawing exercises while group B received the same
amount of time to draw freely.

The exercises in session two consisted of the drawing of the five
basic shapes (see Section 3.2.3). The children were encouraged to
try it themselves first, but were also allowed to use the ‘help’ button
as often as needed. It was emphasized towards the participants that
the extra instructions only show one of many ways to construct the
3D shape and that this is not necessarily the best way or the one
they should use.

The exercises in the third session consisted of the three SBS exer-
cises.

Halfway every session a two minute break was scheduled, how-
ever, in practise these breaks were taken whenever the children

indicated that they wanted or needed one. The participants in group
A all completed the exercises within the scheduled session times,
although some needed to be told to draw faster and less precise in
order to finish in time. When participants in group A finished their
exercises before the scheduled ending time of their session, they
were allowed to draw freely until their time was over.

3.4.3 Grading. The grading of the graded drawings was done
separately by both the experimenter and the involved art teacher.
When the two grades were relatively close together (a difference
of 1.5 or less), the mean of the two grades became the final grade.
The drawings with a bigger difference in grades were discussed and
graded collectively.

The grades of the graded drawings are based on the following as-
pects:

a Usage of the 3D space (0 - 5 points)

b Correctness of the proportions (0 - 5 points)

¢ How it looks from different perspectives (0 - 5 points)
d Overall appearance (0 - 5 points)

Subsequently, the grade was calculated as follows:
Grade = (a+b+c+d)/2 + process points.

In line with the Dutch grading system, the maximum grade was 10
points.

Process points are bonus points with a maximum of 1.5 that could be
rewarded when the participant showed remarkable insight during
the process of the drawing. The choice for these process points was
made during the trial run, when it was noted that some students
started very promising with the creation of a well-constructed skele-
ton of the 3D figure, but then coloured it very messy, causing their
skills not to be reflected in the final drawing.

4 RESULTS
4.1 Research question 1

To answer the first research question, a mixed design setup was
used with between-subjects factor group and within-subjects factor
time. Group has two categories; group A, the group that made the
exercises, and group B, the group that did not make the exercises.
Time has two categories as well: before and after the VR drawing
sessions.

Multiple two-way mixed ANOVAs were conducted to determine
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Fig. 8. The mean grades for the graded drawings. M = Mean grade of GD2D
and GD3D combined, 2D = GD2D and 3D = GD3D.

whether the exercises influenced the grades. The need for multi-
ple tests was due to the fact that all participants made two graded
drawings; one with a 2D example and one with a 3D example. The
dependent variable grades in this first test is the mean grade of
GD2D and GD3D combined (MGD). Thereafter, we test for GD2D
and GD3D separately as well.

The mean grades for all selections can be found in Figure 8.

4.1.1 Testing the assumptions. All data were separately tested

for the assumptions of the two-way mixed ANOVA. There was one
outlier in the post-MGDs of group A, as assessed by inspection of
a boxplot for values greater than 1.5 box-lengths from the edge of
the box. Also, established by Shapiro-Wilk’s test (p < .05), the same
data were not normally distributed. Removing the outlier resulted
in normally distributed data. Therefore it was decided to run the
test with and without the outlier included in the analysis. Since
the results for both tests are essentially the same, the analysis was
continued with the outlier in the data.
Except for the one mentioned, there were no further outliers in the
data, as assessed by both boxplots and examination of studentized
residuals for values greater than +3. The grades were normally dis-
tributed, as assessed by Shapiro-Wilk’s test (p > .05). There was
homogeneity of variances, as assessed by Levene’s test of homo-
geneity of variance (p > .05), and covariances, as assessed by Box’s
test of equality of covariance matrices (p > .05).

4.1.2  Effect of the exercises on the MGDs. There was no sta-
tistically significant interaction between group and time on the
grades (F(1,10) = .770,p = .401, partial n? = .071). The main ef-
fect of time did show a statistically significant difference in grades
before and after the sessions, F(1,10) = 8.430,p = .016, partial

pre-SRT  pre-MRT
Pearson Correlation -.045 .021
pre-GD2D  Sig. (2-tailed) .889 .947
N 12 12
Pearson Correlation 115 -.264
pre-GD3D  Sig. (2-tailed) 723 407
N 12 12
post-SRT  post-MRT
Pearson Correlation 137 514
post-GD2D  Sig. (2-tailed) 670 .088
N 12 12
Pearson Correlation .291 .600*
post-GD3D  Sig. (2-tailed) 358 039
N 12 12

Table 2. Pearson correlations for the spatial ability test scores and drawing
grades. * = statistically significant at p<.05 level.

n? = .457. The main effect of group showed that there was no statis-
tically significant difference in grades between the different groups,
F(1,10) = .154,p = .703, partial 5 = .015.

4.1.3  Effect of the exercises on the GD2Ds. There was no statisti-
cally significant interaction between group and time on the grades
(F(1,10) = 3.187,p = .105, partial n* = .242). The main effect of
time did again show a statistically significant difference in grades
before and after the sessions, F(1,10) = 7.003,p = .024, partial
n? = .412. The main effect of group showed that there was no statis-
tically significant difference in grades between the different groups,
F(1,10) = .002, p = .962, partial n* = .239 - 1073,

4.1.4  Effect of the exercises on the GD3Ds. Again, there was no
statistically significant interaction between group and time on the
grades (F(1,10) = .129, p = .727, partial n* = .013). The main effect
of time showed that there was no statistically significant difference
in grades before and after the sessions, F(1,10) = 3.215,p = .103,
partial n* = .243. The main effect of group showed that there was
no statistically significant difference in grades between the different
groups, F(1,10) = .744,p = .409, partial n* = .069.

4.2 Research question 2

A Pearson’s product-moment correlation was run to assess the re-
lationship between the spatial ability test scores and the grades
of the drawings. Preliminary analyses showed the relationships to
be linear. All variables were normally distributed, as assessed by
Shapiro-Wilk’s test (p > .05), and there were no outliers.

There was a strong, positive correlation between the post-MRT
scores and the grades for the post-GD3D, which was statistically
significant (r(10) = .600, p = .039). Besides this correlation, no sta-
tistically significant correlations were found between the spatial
test scores and the drawing grades (Table 2).
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Fig. 9. The mean scores of the spatial ability tests. The left graph shows the scores for the SRT and the right graph for the MRT.

4.3 Research question 3

Two two-way mixed ANOVAs were conducted to determine the
effect of VR painting on the subjects’ spatial ability test scores.
The within-subjects factor is time, with the categories pre-test and
post-test. The between-subjects factor is painted_in_VR with the
categories yes and no. Figure 9 shows the mean scores for the dif-
ferent tests.

4.3.1 Testing the assumptions. There were no outliers, as as-
sessed by examination of studentized residuals for values greater
than +3. The post-MRT score data of the group that did not paint
in VR was not normally distributed, as assessed by Shapiro-Wilk’s
test (p = .024). As all other data were normally distributed and
since ANOVAs are considered to be fairly robust to deviations from
normality, it was decided to run the test regardlessly. There was
homogeneity of variances (p > .05) and covariances (p > .05), as
assessed by Levene’s test of homogeneity of variances and Box’s
test, respectively.

4.3.2  Effect on SRT scores. There was no statistically significant
interaction between painted_in_VR and time on the SRT scores,
F(1,16) = .152,p = .701, partial r]2 = .009. The main effects of
both painted_in_VR and time showed that there are also no statis-
tically significant differences in SRT scores between the groups,
F(1,16) = .150,p = .703, partial 5% = .009, or pre- and post-tests,
F(1,16) = .017, p = .898, partial n* = .001.

4.3.3  Effect on MRT scores. There was a statistically significant
interaction between painted_in_VR and time on the MRT scores,

F(1,16) = 5.785, p = .029, partial n? = .266.

The simple main effects for painted_in_VR on the pre-MRT scores,
F(1,16) = .469,p = .503, partial n* = .028, and post-MRT scores,
F(1,16) = 1.293,p = .272, partial 772 = .075, are both not signifi-
cant.

There was a statistically significant effect of time on MRT score
for the group that did not paint in VR, F(1,5) = 10.210,p = .024,
partial n? = .671. For the group that did paint in VR, the MRT score
was not statistically significantly different between the pre- and
posttest, F(1,11) = .005, p = .943, partial n* = .482 - 1073.

Error Bars: 95% Cl
10.0

—

Mean Grade

—

0.0 T T
20 3D

Dimensionality of the example

Fig. 10. The mean grades for the GD2Ds and GD3Ds.
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Fig. 11. The mean scores of the spatial ability tests, grouped by gender. The left graph shows the scores for the SRT and the right graph for the MRT.

4.4 Effect of the dimensionality of the example on the
grades.

To test our assumption that drawing a 3D figure based on a 2D
image is more difficult than copying a 3D model, we used a within-
subjects design to test whether the participants performed better on
the GD3Ds than the GD2Ds. The dependent variable is grade and
the independent variable is dimensionality with levels 2D and 3D.
A paired-samples t-test was used to determine whether there was a
statistically mean difference between the grades for the GD2Ds and
the GD3Ds. Data are mean + standard deviation, unless otherwise
stated. There were no outliers in the data, as assessed by inspection
of a boxplot. The assumption of normality was not violated, as
assessed by Shapiro-Wilk’s test (p = .101). The grades for the GD3Ds
(7.48 £ 2.56) were higher than the grades for the GD2Ds (5.45 +
2.90); a statistically significant difference of 2.025 (95% CI, 1.0341 to
3.0159), £(23) = 4.227,p < .0005,d = .86.

The main grades for the GD2Ds and GD3Ds can be found in Figure
10.

4.5 Effect of gender

Since gender is proven to be an important factor in spatial abilities,
we divided boys and girls as evenly as possible between the groups.
To test whether gender indeed influenced our results, multiple sta-
tistical tests were conducted to determine if there were significant
differences between the male and female participants.

4.5.1 Effect of gender on the spatial ability test scores. Our spa-
tial ability test was made by seven male and eleven female partici-
pants. An independent-samples t-test was run to determine if there
were differences in scores between males and females. There were

no outliers in the data, as assessed by inspection of boxplots, and
the scores for each test were normally distributed, as assessed by
Shapiro-Wilk’s test (p > .05). There was homogeneity of variances,
as assessed by Levene’s test for equality of variances (p > .05).
The pre-MRT scores of the male participants (16.00 + 5.32) were
higher than the pre-MRT scores of the female participants (10.09
+ 3.91), a statistically significant difference of 5.91 (95% CI, 1.31 to
10.51), t(16) = 2.721,p = .015,d = 1.32. The mean scores of the
other tests were also higher for the male participants (see Figure
11), although these differences were not found to be significant.

4.5.2  Effect of gender on VR drawing skills. Four male and eight
female subjects participated in the VR drawing sessions. Since the
grades, grouped by gender, violated the outlier and normality as-
sumptions of the independent-samples t-test, it was decided to use
the nonparametric alternative: the Mann-Whitney U test.
Distributions of the pre-grades for males and females were not sim-
ilar, as assessed by visual inspection. The pre-grades of the females
(mean rank = 8.00) were statistically significantly higher than the
pre-grades of the males (mean rank = 3.50), U = 28,z = 2.038,p =
.048, using an exact sampling distribution for U [14]. Distributions
of the post-grades for males and females were similar, as assessed by
visual inspection. Median post-grade for females (7.58) and males
(7.10) was not not statistically different, U = 17,z = .170, p = 1.000.
The mean grades of the participants, grouped by gender, are shown
in Figure 12.

The results above suggest that the male participants improved
more than the female participants. A two-way mixed ANOVA was
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Fig. 12. The mean pre- and post-grades combined for GD2D and GD3D,
grouped by gender.

conducted to determine whether gender indeed influenced the im-
provement of the participants. A mixed design setup was used with
between-subjects factor gender and within-subjects factor time.
There were no outliers, as assessed by examination of studentized
residuals for values greater than +3. The pre-grades of the female
participants were not normally distributed, as assessed by Shapiro-
Wilk’s test (p = .007). As all other data were normally distributed
and since ANOVAs are considered to be fairly robust to deviations
from normality, it was decided to run the test regardlessly. There
was homogeneity of variances (p > .05) and covariances (p > .05),
as assessed by Levene’s test of homogeneity of variances and Box’s
test, respectively.

There was a statistically significant interaction between gender and
time on the grades, F(1,10) = 12.540, p = .005, partial 5> = .556.
The simple main effects for gender on the pre-grades, F(1,10) =
3.065,p = .111, partial * = .235, and post-grades, F(1,10) =
.009, p = .926, partial 5? = .001, are both not significant.

There was a statistically significant effect of time on grade for the
male participants, F(1,3) = 18.118, p = .024, partial 112 = .858. This
effect was not statistically significant for the female participants,
F(1,7) = 2.524,p = .156, partial n> = .265.

5 DISCUSSION

Our research was aimed at investigating how drawing in a virtual 3D
space can be used beneficially in art education of younger children.
Several aspects were investigated including how to improve the
children’s drawing skills in VR, the effect of certain spatial skills on
the ability to draw in VR, whether drawing in VR might improve spa-
tial abilities and issues that might arise when learning to draw in VR.

In our first hypothesis, we expect that due to the targeted train-
ing exercises, children’s drawing skills will improve even after only

very few sessions. The results show that the grades of the graded
drawings have significantly improved; the post-grades are on aver-
age 1.52 points higher than the pre-grades. Although the children in
group A had a mean improvement of 1.98 and the children in group
B a mean improvement of 1.06, this difference was not statistically
significant. Therefore we cannot assign these improvements to the
training exercises. We do however expect the aforementioned dif-
ference to become statistically significant with a larger sample size.

The second hypothesis stated that we suspect a person’s spatial
visualization ability and their proficiency in creating a 3D drawing
in a virtual 3D space to be directly related. We also suspected one’s
spatial visualization to have a bigger influence on creating a drawing
with a 2D image as example than a drawing with a 3D model as
example.

The results, however, do not show a clear relationship between
spatial visualization ability and VR drawing skills; all correlations
between SRT scores and GD grades were small and not found to
be statistically significant. Looking at the results, we also do not
expect significant correlations to be found in experiments with a
bigger sample size. A possible explanation is that our hypothesis
is incorrect and that there is no relation between a person’s spatial
visualization and their VR drawing skills. Or that there is a relation,
only too small compared to other factors to be able to test it without
knowing the other variables. Another possible explanation is that
our SRT test was inadequate to measure the kind of spatial visual-
ization that is used when drawing in a virtual 3D space.

We did find a strong, positive correlation between the post-MRT
scores and the post-GD3D grades that was statistically significant.
The correlation between the post-MRT scores and the post-GD2D
grades was strong and positive as well, although not statistically
significant. However, it was close to being significant with a p-value
of .088, thus we expect that it might become statistically significant
as well when testing with a larger sample size. The correlations with
the pre-MRT scores are both small and not significant. We suspect
that during the pre-drawings, other factors, such as getting used to
the controls, influenced the drawings too much to be able to reveal
a correlation.

Our results fail to reject the original null hypothesis but do seem
to suggest that a relation between mental rotation skills and pro-
ficiency to draw in a 3D virtual space does exist, although only
detectable after a few sessions. The correlation coefficient of the
correlation with the GD2D grades is smaller than with the GD3D
grades, which means the correlation between the MRT scores and
the drawings with a 3D example is stronger. This contradicts our
hypothesis, however, due to the lack of significance of the correla-
tion with the GD2D grades, it is too early to draw a conclusion from
this.

Thirdly, our experiment investigated whether a small number of 3D
drawing sessions in VR could improve children’s spatial visualiza-
tion and mental rotation skills. The results show that the children
who participated in the drawing sessions did not improve at either
the SRT or MRT, thus we fail to reject the null hypothesis and are
unable to accept our hypothesis.

It is however not possible to say whether the lack of improvement
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is simply due to the fact that drawing in VR does not actually affect
spatial abilities. It may be that the sessions were too few to result
in a measurable effect, or that the tests we used are not suited to
detect skills that are trained in a 3D space.

An unexpected finding is that the children that did not participate
in the VR drawing sessions, did significantly improve at the MRT.
An obvious explanation would be that the results were exchanged,
but this was double checked afterwards. Another explanation could
be that group C did mental rotation ability improving activities in
class, while groups A and B participated in the drawing sessions.
However, the participants from groups A and B were taken out of
the classroom one by one and spread over several days, thus this
seems highly unlikely. In lack of other explanations and given the
small sample size, we can only attribute this result to chance.

This study served as exploratory research into teaching elemen-
tary school children to draw 3D objects in VR. The main obstacle
encountered by the children when asked to draw a 3D object was
not knowing where to start. Especially at the beginning, they were
not sure how to deal with the extra dimension and how to create
the more difficult 3D shapes. A cube was simple for most, an ovoid,
however, caused quite some problems. Both the children and the
involved art teacher fully agreed that assignments, such as our basic
shapes and step-by-step assignments, are really helpful in these
situations.

We noted major differences in 3D drawing skills between the chil-
dren. Some were truly talented and did not need any help or in-
structions, while others had great difficulties. Therefore we would
suggest to implement several difficulty levels or optional help but-
tons. This way, every child can receive the instructions they need,
without making it tedious for the talented students.

As we already expected, creating a 3D drawing based on a 3D model
was found to be much easier than creating one based on a 2D image.
This was also supported by the grades, which were on average 2
points higher for the GD3Ds than for the GD2Ds.

Overall, the children became quickly familiar with the controls and
painting software. In most cases, only brief instructions during the
first session were needed. A few children had more difficulties get-
ting used to the controls, but also they mastered everything before
the last session.

In the questionnaire, the participants from group A all answered
that they liked freestyle drawing the best, but were divided over the
best way to improve at VR drawing; three answered the basic shape
exercises and three answered the step-by-step exercises. During
the sessions, however, they seemed to have a preference for the
basic shapes. The children often mentioned how helpful they were
and that it was convenient that they could reuse them for the more
complicated shapes. The cone was by far chosen most often as the
hardest basic shape.

The children were really enthusiastic about the VR drawing sessions.
Most of them did not want their sessions to end. Although they
were 35 minutes long, only one participant assessed the duration of
the sessions as “too long”. Two children answered “too short” and
all others answered “exactly right”.

When asked how often they would like these sessions, 42% answered
“every week” and 33% even answered “every day”. Before and after

the sessions, the children were asked to write down their favorite
method(s) of drawing. After the sessions, two children changed their
answer to include VR and five children even completely changed
their answer to VR only.

Finally, since gender is proven to be an important factor in spatial
abilities; we also expected it to affect our results. This expectation
proves to be justified, as our results show that the boys scored on
average 5.91 points higher on the pre-MRT, which is a statistical
significant difference. Furthermore, the girls performed significantly
better on the pre-GDs, while the boys significantly improved more
during the sessions. This improvement of the male participants led
to almost equal mean post-grades for both genders.

6 CONCLUSIONS AND FUTURE WORK

The work presented in this paper was motivated by the goal to a
gain better understanding of the benefits and obstacles that draw-
ing in VR might bring when introducing it to elementary school
children. Our experiment shows that children quickly improve at
drawing 3D figures in a virtual 3D space. The participants that made
the training exercises improved more than the participants that did
not. However, since this difference was not statistically significant,
the effect of our training exercises is inconclusive. We assume that
the effect size was too small to be significant for our small sample
size, as we only had six participants per group. Therefore, further
research should be conducted with more participants.

Our results also show that gender is indeed an important factor to
take into account when conducting research in this area. Not only
was a significant difference found in the spatial ability test scores,
gender also seems to influence the initial proficiency in VR drawing
and the rate of improving at VR drawing. However, our research
was not aimed at investigating gender differences. Further research
with a larger sample size and a more equal male-female ratio should
be conducted in order to draw final conclusions on this subject.
The children indicated that they considered the training exercises
incredibly helpful. Especially for teaching them the basic shapes,
which they could later reuse in more complicated figures. The
biggest obstacles encountered by the children were not knowing
where to start and how to handle the extra dimension. The step-by-
step exercises were experienced as helpful in these situations.

A strong, positive correlation was found between the children’s
scores on the post-MRT and their grades for the post-drawings
with a 3D example. It seems that a direct relation between mental
rotation skills and proficiency to draw in a virtual 3D space does
exist, although only detectable after a few sessions. The correlations
between the SRT scores and grades were all small and a significant
effect could not be discovered. Although these results are not con-
clusive, they do suggest that this is indeed a promising direction for
further evaluation.

The VR drawing sessions did not improve spatial visualization or
mental rotation abilities in our participants, at least not the kind
that is measurable with traditional tests. This would support Diinser
et al’s [15] hypothesis that traditional spatial ability tests might not
be suited very well to detect skills that are required or trained in
3D space. However, further research using a spatial ability test in
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VR is needed to prove this.

Although additional experiments are needed to conclusively answer
our research questions, this study has laid an important foundation
for future research in this area. Our results point out opportunities,
points of attention and interesting follow-up research.
Furthermore, we experienced that there is a vast interest among
both the teachers and the children in this new technology. Even
after several sessions, the children are still motivated and wishing
for more sessions. These observations, together with the feedback
provided by the involved art teacher, suggest that VR drawing can
make a good and beneficial complement for traditional art classes.
Even if further evaluations will not confirm expected benefits such
as the assumed increase in spatial ability.
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1. Motivation & Overview

Technology can inspire art in many ways. Currently, Virtual Reality (VR) is quickly
gaining popularity among artists as it brings entirely new ways of creating and ex-
periencing art. With this new technology, paintings are no longer restricted to the
canvas but can be created in a virtual 3D space. Artists are able to paint all around
themselves in a very intuitive way, creating an immersive 3D painting, which the
spectators can be brought into. It also enables a form of exploring the painting,
walking through it and viewing it from different perspectives, that is not possible
with traditional paintings.

Besides inspiring new forms of art, technology can also benefit art education. The
initial goal of this project, commissioned by ING and KLEURinCULTUUR, was to
create or extend existing VR painting software for educational use at elementary
schools. Aims were to make the software more appropriate for younger children
(ages 10 to 12), to research how it can be used beneficially in art education and to
identify and address difficulties that they might encounter when learning to paint in
a virtual 3D space.

In pursuance of finding a good way to achieve these aims and identify the direc-
tion with the most promising potential, various fields have been explored in a broad
initial literature study. This study is summarized in Section 2. This section also
identifies and introduces the research questions addressed in this thesis.

Based on the results of the literature study it was decided to focus on the connection
between painting in VR and spatial ability. Spatial ability is an essential cognitive
ability used to interpret incoming visuo-spatial information. It consists of multiple
components. The focus in this project lies on spatial visualization and mental rota-
tion. Spatial visualization can be defined as the ability to mentally manage figures.
Mental rotation is the ability to mentally turn figures and recognize them in another
position.

Previous studies show that the drawing of 3D objects can be beneficial for the devel-
opment of spatial visualization. However, this applies to drawing 3D objects onto a
2D surface using graphical projection; no research existed yet on drawing 3D objects
in a 3D space. As the use of VR is also found to be beneficial for the development of
spatial abilities, we deemed it worthwhile to research the effect of this combination.
Likewise, since spatial visualization encompasses the ability to create a mental 3D
image out of limited information, we suspect well-developed spatial visualization
skills to be an advantage when painting in a virtual 3D space. Especially when
painting from memory or creating a 3D painting out of a 2D image. However, no
research on this existed yet either.

While there is no conclusive evidence on the relation between VR painting and spa-
tial abilities, the combination of findings in the literature do suggest a huge potential
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in this area. Motivated by this, this thesis presents a number of experiments that pro-
vide a first step into gaining knowledge on this subject:

e Pre-study: gaining initial insight into teaching VR drawing to children (Sec-
tion 3) - Since no previous work was available to build upon, initial informa-
tion was gathered using an exploratory research approach. The main goal was
identifying issues that might arise when children learn to draw in VR, so that
they could be addressed in the succeeding experiments.

o Trial run: testing and improving the implemented exercises (Section 4) - In
order to test our implemented software for usability and defects, a small user
test was conducted. In addition to obtaining information on how to improve
our software, this also resulted in more valuable insights on the subject.

e Main experiment: answering the research questions (Section 5) - Based on
the literature study and previous experiments, we addressed the identified re-
search questions of this thesis in an experimental study.

The major results are summarized in the scientific paper from Part 1. Additional
comments and further details are presented the sections above.
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2. Literature Review

This review concisely discusses the literature that has been studied during the prepa-
ration phase of this thesis project.

In order to investigate how to properly add educational value to our software, Sec-
tion 2.1 describes the advantages and challenges of using VR in education. Section
2.2 explores painting in VR since it plays a major role in this project and is still a
new and relatively unknown concept. As spatial ability is both related to drawing
and a desirable skill to develop in primary schools, Section 2.3 is focused on spa-
tial abilities. Finally, the teachers involved in this project also mentioned the lack
of collaboration being a problem. As VR completely shuts one off from the outside
world, interaction with other students and the teacher is difficult. Therefore Section
2.4 dives into collaboration in VR.

2.1 Education in VR

Given the aim of this project, this section explores the educational aspect of VR. The
majority of the literature agrees that the use of VR as an educational tool is very
promising. In this section we will discuss the advantages and recommendations.

One of the advantages of the usage of VR is that it increases motivation and en-
gagement [9, 41, 23, 39]. Virvou and Katsionis [71] even claim that, when the VR-
environment is sophisticated enough, educational VR applications can become equally
attractive as commercial games of no educational content.

Another frequently mentioned advantage is the fact that VR allows for a construc-
tivist approach of learning [10, 9, 39, 67, 72, 17], which entails learning through expe-
rience. Many educational theorists have emphasized the fundamental importance of
this approach to learning [9]. Brown et al. [12] argue that didactic teaching is inher-
ently limited in its effectiveness as the context of the knowledge is lost. Moreover,
the constructivist approach allows students to play an active role in their learning
process, increasing their engagement [39, 67, 6].

VR is the ideal platform for learning through experience as it can immerse students
in every thinkable scenario [67, 72], this allows for experiencing things that would
normally be impossible, dangerous or expensive. Examples are visiting places that
are unreachable, such as the moon, or places that no longer exist [58], seeing phe-
nomena that are usually invisible, such as physical forces, and interacting with things
that are beyond our reach, such as the solar system.

In order to make the best possible use of these advantages, some challenges still
need to be overcome. The first one being the additional costs the introduction of ed-
ucative VR tools will bring [9, 67, 26], especially considering that schools are always
short of money. Although the hardware itself is quite affordable nowadays, the real
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cost will be in the development of appropriate educational software and the training
of the teachers. The teachers also might be reluctant to use this new technology as
they do not have experience with it and might not be convinced of the added value
[9, 47]. However, as with all new technology, this reluctance will probably disappear
with time as VR becomes more common.

Since all students, even those without VR experience, should be able to use the ed-
ucational VR tools without any problems, usability is another important challenge
[9, 26]. During their experiment, Virvou and Katsionis [71] observed usability prob-
lems among novice VR-users. Although they did not discourage the students from
playing the educational game, they did distract from the main educational content.
Therefore, in order to maximize the learning benefits, Virvous and Katsionis recom-
mend addressing these usability problems.

Furthermore, in order to achieve the desired learning outcomes, it is crucial for ed-
ucational VR applications to have a sound pedagogical foundation [39, 20, 17]. To
realize this, academic staff should actively be involved in the designing process and
pedagogical frameworks should be informed. Additionally, educational VR applica-
tions should not just present knowledge to the students, as this will not result in full
learning benefits [39]. They should invite them to act and take decisions, whereupon
they will receive feedback on which they can react again. This will allow students
to learn through analysis and reflection, which is in line with the constructivist ap-
proach.

Finally, learning through conversation and discourse is also a part of the construc-
tivist approach [17]. However, as normal conversation with other students is made
inconvenient by the HMD, another collaboration possibility should be built in. More
on collaboration in VR can be found in Section 2.4.

2.1.1 Discussion & Conclusion

Educational opportunities with VR is a popular subject in the literature. This section
discussed the advantages and challenges of incorporating VR in education. For this
thesis project, it is of particular importance that interaction and learning by doing
are key components in maximizing the learning benefits of VR. We will apply this
knowledge in our research by using a constructivist approach of learning and en-
couraging the students to try instead of just showing them what to do.

Although information on learning about 3D structures is plenty, a lack in the lit-
erature exists concerning learning how to create them. This might be because the
required hardware for applications such as Tilt Brush is rather new. However, a
large share of the encountered research on VR had also already been done before the
technology was good and affordable enough for general use.

2.2 Painting in VR

This section summarizes the research in the field of VR painting. Since the only dif-
ference between digital painting and drawing is the material that is being simulated,
which is not relevant for our research, both terms are used interchangeably in this
thesis.

We will start with the advantages of using VR for painting, then we will look into the
development of intuitive 3D drawing systems, explaining the different components
and why certain choices were made.
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The most evident advantage is that VR allows for direct interaction with a 3D space,
providing a natural way to draw in 3D without the need for graphical projections
or complicated controls. The only non-digital alternative that comes close to this are
the 3D printing pens that recently emerged on the market [19, 24]. They allow for
drawing in the air as they use melted plastic which cools and hardens as soon as it
comes out of the pen. However, many limitations still exist and the possibilities will
always be limited by gravity.

Besides providing an intuitive way to draw in 3D, painting in VR brings much more
in terms of creating and experiencing art. As Brody and Hartman [11] wrote:

“Painting in space, unfettered by gravity or a matrix to hold the paint, is
like painting in a world of pure imagination.”

Artists are able to paint all around themselves, creating an immersive 3D painting
which the spectators can be brought into. It also enables a form of exploring the
painting, walking through it and viewing it from different perspectives, that was
not possible before [5].

Vice versa, painting might also turn out to be beneficial for VR. One of the most pop-
ular VR painting applications, Tilt Brush [68] is seen as an introductory application
to VR [69, 37]. MacPaint and Microsoft Paint have introduced people to computers
and taught them how to use the mouse. Tilt Brush has the potential to do the same
for VR.

Traditional 3D drawing software often has a steep learning curve, making it un-
approachable for a broad audience. Therefore, researchers have been looking into
ways to facilitate intuitive 3D drawing for some time now. The most obvious solu-
tion is enabling direct interaction with a 3D space, which requires both 3D input and
3D feedback.

3D input can be obtained by using the user’s hand movements; tracking them with
for example a glove or controller [16, 29, 11, 38, 13] or using cameras [2]. As our
hands can naturally control 6 axes (xyz positions and three axes of rotation), while a
computer mouse can only directly control 2, they are much better suited for drawing
in 3 dimensions [16]. Although hand tracking with cameras has the advantage that
the user does not need to hold a controller or wear a glove, it is much more error
prone. It also raises the question whether no controllers would be preferable as peo-
ple are used to holding something when drawing and it would cause the need for
learning gestures instead of simply pressing buttons.

As the main feedback in drawing is generally visual, we will only focus on visual
feedback here. In order to deliver 3D visual feedback, stereoscopy can be used as
it provides a perception of depth. Systems have been created using Fish Tank VR
[16], CAVE VR [29, 11, 38] and head-mounted displays (HMDs) [13]. Considerable
disadvantages of using Fish tank VR are the limited drawing range and the inabil-
ity to walk around the drawing. However, Deering [16] argued that when he was
doing his research, HMDs still had ultra-low resolution and extremely distorted op-
tics, making Fish Tank VR the better solution for fine 3D drawing. Nowadays, the
advancement of technology has solved these problems, shifting the preference back
to HMDs. The advantage of CAVE VR over HMDs is that users are not completely
isolated from the real world and still able to see their own bodies. However, the size
of the needed setup for a CAVE system makes it far less suitable for consumer usage
than HMDs.

Since the emergence of HMDs on the consumer market, many VR painting tools
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have been released. Some well-known examples are Tilt Brush [68], Quill [50] and
A-Painter [1]. For this study, the choice was made to use A-Painter as it is open
source and thus allows us to make the changes necessary for our research.

2.2.1 Discussion & Conclusion

The initial motivation for the development of VR painting systems was the wish for
more intuitive 3D drawing tools. Thanks to recent advances in technology, includ-
ing the emergence of affordable, high-resolution HMDs, these systems are now a
reality. They enable everyone to create 3D drawings without the need of experience.
Furthermore, artists are offered the ultimate freedom and the chance to immerse
themselves and their public into their works.

Although it might seem as if the search for an intuitive 3D drawing system is now
complete, there are still several things left to investigate. For example, current sys-
tems can still be improved in areas such as user friendliness, image quality, intu-
itiveness of the controls etc. However, the main lack in the literature is related to the
3D drawing itself. No research exists for example on how intuitive drawing in 3D
truly is, considering that most people have only drawn in 2D their entire life. Fur-
thermore, as already mentioned in the previous section, no research has been done
on the learning or teaching of drawing in a virtual 3D space. It also is unknown
what issues might arise and how to solve them, what abilities might be important or
what benefits can be obtained by painting in VR. By addressing the research ques-
tions specified below and in Section 2.3.1, our research will implicitly contribute to
overcome this gap of knowledge.

Since drawing 3D figures directly into a virtual 3D space is quite different from
other methods of drawing, it might be that new methods of teaching are needed.
The question that hereby arises is: How to teach (children) how to draw 3D figures in a
virtual 3D space? This question is too broad to completely answer within the scope
of this project. However, by using an exploratory research approach d4nd answering
the following more concrete research question, we aim to take a first step in that
direction:

Research question 1: Are training exercises helpful to improve children’s
drawing skills in a virtual 3D space, even with only a small number of
training sessions (e.g., four sessions of 35 minutes)?

Before being able to answer the previous questions effectively, it is necessary to iden-
tify the obstacles that children might encounter when they start drawing 3D figures
in VR. This allows for creating training exercises that address these issues. Therefore
we present the following exploratory research question: What issues are encountered
when learning to draw 3D figures in a virtual 3D space?

2.3 Spatial Abilities

Many studies have investigated the improvement of spatial abilities using VR. Like-
wise, drawing is known to have a positive influence on the development of spatial
skills. In the following, we will therefore discuss spatial ability, including activities
that are beneficial for its development and ways to test it.
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Spatial ability is an essential cognitive ability used to interpret incoming visuo-
spatial information [52, 51]. Not only are spatial abilities used in everyday activities,
such as navigating around the house, they are extremely important in fields such as
engineering, science and technology [34, 4, 51, 55].

Spatial abilities have been defined and subdivided in many different ways and there
is no one universal definition [61, 55, 35]. For our purpose, we will however only
distinguish two components: spatial visualization and mental rotation. Linn and
Petersen [35] describe spatial visualization as "the ability to perform complicated,
multistep manipulations of spatially presented information". Mental rotation is de-
scribed as "the ability to rotate two or three dimensional figures rapidly and accu-
rately".

The difference between spatial abilities and spatial skills is that people are born with
the first, while the second is acquired through training [61]. However, in the litera-
ture these terms are often used interchangeably since distinguishing between those
in practise is nearly impossible.

The development of spatial ability is influenced by gender, age and spatial-related
experience [51]. Many studies have revealed that the spatial visualization skills of
men are better than those of women [51, 61, 15, 25]. Theories aiming to explain
this difference include biological factors, such as male cerebral lateralisation and the
male sex hormone, and environmental factors, such as gender-typed socialisation
[51, 61, 25].

Spatial ability is not fully developed until adolescence is reached [51] and research
has shown that spatial activities during childhood are very important to support
this development [15, 7]. Activities that have been found to improve spatial abilities
include playing with construction toys, participating in some types of sports and
playing certain computer games [61]. For example, the computer game Tetris has
been shown to improve students’ performance on the Mental Rotation Test (MRT)
[45, 15].

Another activity that is often mentioned in combination with the development
of spatial skills is sketching and drawing (S&D). A considerable number of studies
suggests that the sketching or drawing of 3-dimensional objects improves spatial vi-
sualization skills [51, 62, 42, 34, 3]. However, in these studies the drawing activities
are often combined with other spatial visualization improving activities, making it
impossible to attribute the performance improvements solely to the drawing. This
corresponds with Braukmann and Pedras’ statement that not all drawing activities
improve spatial skills and that a spatial context is critical [42]. Nevertheless, the
drawing itself does seem to play a major role in the development of spatial skills;
Leopold, Goérska, and Sorby [42, 34] found that courses that relied heavily upon
S&D activities were more effective in developing spatial skills than courses that did
not. Alias et al. [4] also found the attitude towards S&D to be relevant; they found
a statistically significant correlation between the usage tendency of S&D and spatial
visualization ability.

Both Rafi et al. [51] and Alias et al. [3] investigated the effect of S&D activities on
spatial visualization skills and both found a statistically significant improvement in
the spatial visualization ability of their participants. Rafi et al. [51] also found a
significant performance gain in mental rotation accuracy but not in mental rotation
speed. No significant improvements in mental rotation ability were found by Alias
et al. [3]. A possible explanation presented by Alias et al. is the lack of shared char-
acteristics between the exercises and the test. They mention that studies reporting
improvements mostly use practise tasks that are very similar to the tasks on the test.
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Alias et al. also mention the implicit teaching of mental rotation skills as a probable
cause, as they did for example not ask their subjects to draw the objects from differ-
ent views. This might also explain the difference between the results of these two
studies, as Rafi et al. did include different views in their training.

Furthermore, developing spatial skills using VR is a very popular research topic
in which many promising results have been obtained [52, 22, 55, 53, 46, 40, 48].
The main advantage of using VR is that it allows students to observe and manipu-
late 3-dimensional objects directly in 3D space which helps them understand spatial
concepts and relations [28, 52]. Additionally, many of the advantages of VR as an
educational tool, such as increased engagement, apply here as well.
Gutiérrez et al. [22] compared the improvement of spatial skills after training with
various 3D virtual technologies and traditional methods. The various 3D virtual
technologies being Augmented Reality (AR), VR and PDF3D. Their results showed
a significant difference in improvements favoring the 3D virtual technologies over
the traditional methods. They however did not find a significant difference between
the various technologies.
Besides the studies that have successfully employed VR to improve spatial skills,
there are also studies that have not yielded positive results. In particular the large-
scale study (215 participants) carried out by Diinser et al. [18], in which the effec-
tiveness of spatial ability training with an AR application was investigated. Their
results did not show significant differences between the AR and non-AR groups. It
is hypothesized that traditional spatial ability tests might not be suited very well to
detect skills that are required or trained in 3D space. Seeing as students in VR, or AR,
can directly see and manipulate 3-dimensional objects without having to interpret or
mentally transform 2-dimensional representations of these objects, something that is
necessary in traditional spatial ability tests, this is a likely cause for the lack of results
in this study. Other studies that did achieve improvements on the traditional tests,
generally implemented some association with the 2-dimensional representations or
used an adapted VR test [53].
Finally it needs to be emphasized that the VR applications in these studies are com-
pletely focused on the training of spatial skills. Concerning spatial visualization and
mental rotation, no proof exists that an arbitrary VR application will have a positive
influence on these abilities. However, given the fact that activities such as playing
with construction toys have been proven to benefit spatial abilities, we believe that
VR applications with suitable activities can achieve this as well without the need to
solely focus on training spatial skills.
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FIGURE 2.1: Example exercise of the Differential Aptitude Test: Space
relations. (from [61])
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FIGURE 2.2: Example exercise of the Mental Cutting Test. (from [61])
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FIGURE 2.3: Example exercise of the Mental Rotation Test. (from [61])
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FIGURE 2.4: Example exercise of the Purdue Spatial Visualization
Test: Rotations. (from [61])
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FIGURE 2.5: Example exercise of the 3-Dimensional Cube Test. (from

[61])
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Since drawing in VR is a combination of two things that have been found to im-
prove spatial visualization and mental rotation, it seems worthwhile to investigate
the effect of this activity. In order to investigate this, we must also know how to test
these spatial abilities.

One of the most well-known spatial visualization tests is the Differential Aptitude
Test: Space Relations (DAT:SR) [8, 61]. In this test, the student has to choose the
correct 3-dimensional object that would result from folding a given 2-dimensional
pattern. Figure 2.1 shows an example exercise from the DAT:SR. Studies have shown
that the DAT:SR is an effective predictor of academic performance in engineering
courses which are known to heavily rely on spatial visualization skills [8, 61].
Another well-known visualization test is the Mental Cutting Test (MCT) [61]. The
task is to choose the correct cross-section, resulting from a figure that is to be cut
with an assumed plane. An example exercise can be found in Figure 2.2.

For the testing of the mental rotation ability, several well-known tests exist as well.
The most commonly used is the Mental Rotation Test (MRT), see Figure 2.3. Shep-
ard and Metzler [57] originally came with the idea to test mental rotation ability with
pairs of 3-dimensional, asymmetrical cubed objects. Based on this, Vandenberg and
Kuse [70] developed the MRT.

Another well-known test is the Purdue Spatial Visualization Test: Rotations (PSVT:R)
[61]. The exercises in this test show an object before and after a certain rotation in
space, the task is then to select the correct view of a second object after it has been
subjected to the same rotation. Figure 2.4 shows an example exercise.

Lastly, the 3-Dimensional Cube (3DC) can also be used to assess mental rotation abil-
ity [21, 61]. The exercises in this test show a cube with patterns visible on three sides.
The task is to choose a view that could belong to the cube after it has been rotated
in space, the students are told that the cube has different patterns on each of its six
sides. An example exercise can be found in Figure 2.5.

In most studies where spatial abilities are evaluated, a combination of tests is used.
For example Leopold et al. used the MRT, MCT and DAT:SR to test spatial ability
levels in their study [34].

Since most of the spatial ability tests above were created for students or adults, they
might not directly be suitable for the children in our experiment [63, 25]. Only the
DAT:SR has already been developed for the right age group [8]. The literature how-
ever illustrates multiple possibilities to adapt the other tests in order to make them
suitable for younger children [63, 15, 25, 36].
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De Lisi and Wolford [15] adapted the French Kit Card Rotation Test, a test very simi-
lar to the MRT, to make it suitable for testing mental rotation ability in children aged
8/9 years old. By replacing the multiple choices by a single choice, the need to scan
across a series of figures is eliminated. According to the authors this makes the test
more appropriate for young children.

Furthermore, 2-dimensional MRTs are deemed easier than 3-dimensional MRTs [25].
Thus, using a 2-dimensional MRT for young children seems to be more appropriate.
However, as our project comprises 3D training, which leads to improvements in both
2D and 3D tasks [43], it would be incomplete to solely test 2D improvements.
Furthermore, based on results of other studies, Hoyek et al. [25] assume that familiar
items, such as figures of animals, are easier to encode and mentally rotate by chil-
dren than abstract shapes.

Finally, Liitke and Lange-Kiittner [36] designed a mental rotation test suitable for
young children by adding colour and simplifying the complex geometric cube ag-
gregates used by Shepard and Metzler [57]. Their Rotated Colour Cube Test (RCCT)
has the same multiple choice test format as used by Vandenberg and Kuse [70], but
contains single multi-coloured three-dimensional cubes that have to be matched.
Liitke and Lange-Kiittner argue that colour information is a facilitating factor in
mental rotation performance, in particular for children as they are especially sen-
sitive to colour signals.

2.3.1 Discussion & Conclusion

Spatial ability is a very important skill, especially in fields as engineering and sci-
ence. It can be divided into multiple aspects. In this study we will focus on spatial
visualization and mental rotation.

Since spatial visualization is used to create mental 3D images, we suspect well-
developed spatial visualization skills to be an advantage when painting in a virtual
3D space. Especially when painting from memory or creating a 3D painting out of
a 2D image. This has however not yet been studied, raising the following research
question:

Research question 2: Is there a connection between a person’s spatial
visualization ability and their proficiency in creating a 3D drawing in a
virtual 3D space?

Furthermore, multiple studies suggest that the drawing of 3D objects is benefi-
cial for the improvement of spatial visualization skills. However, since most of these
studies combine the drawing activities with other spatial visualization improving
activities, it is impossible to attribute the performance improvements solely to the
drawing. Thus, more research is needed to prove the exact influence of S&D by it-
self. Besides, the existing studies all apply to drawing 3D objects onto a 2D surface
using graphical projection. No research exists yet where the benefits of drawing 3D
objects in a 3D space are evaluated.

Spatial ability training in VR has produced many promising results as well. How-
ever, no research exists yet that investigates whether an arbitrary VR application has
a positive influence on the development of spatial visualization or mental rotation
skills.

Despite the fact that the research in both areas is still quite incomplete, we believe
that enough evidence exists to suggest that both drawing and the use of VR, when
properly employed, can be beneficial for the development of spatial visualization
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and mental rotation. Seeing as painting in VR is a combination of both, we deem
it worthwhile to investigate the effect of this activity on these spatial abilities. To
verify this assumption, we defined the following research question:

Research question 3: Can children’s spatial visualization / mental ro-
tation skills be improved by 3D drawing in VR, even with only a small
number of sessions (e.g., four sessions of 35 minutes)?

A potential obstacle that is associated with the research questions formulated
above is Diinser et al.’s [18] hypothesis that traditional spatial ability tests might
not be suited very well to detect skills that are required or trained in a 3D space.
Although this has not yet been tested, it is certainly plausible. New tools that are
able to measure spatial ability skills directly in 3D would be desirable solution for
this, however the creation of such a tool is outside the scope of this project.

On the other hand; traditional spatial ability tests are suited to test spatial skills that
are trained in the real world, which is a 3D space as well. Therefore we believe that
it should be possible to obtain results using the traditional tests.

2.4 Collaboration in VR

The teachers involved in this project raised the issue that children ‘disappear” into
their own world when painting in VR. They would like to see more interaction and
collaboration between the students and with the teacher(s) when one or more stu-
dents are in the virtual environment (VE). Therefore, this section discusses collabo-
ration in VR. We will first discuss multiple incentives for adding collaboration op-
portunities, then VR components that affect collaboration and finally interaction be-
tween users inside and outside the VE.

The first question to answer: “Why do we want children to collaborate?” Simply
to prepare them for the future, as the ability to co-operate is a desirable skill and in
most jobs even a necessity, or is there more to it? A look into the literature demon-
strates that there is indeed more to it and that collaboration has many benefits.

The first benefit being that social interaction plays an important role in the learning
process [9, 27, 67]. Jean Piaget’s theory implies that collaboration leads to conflict
when students disagree with each other, forcing them to re-evaluate their own con-
ceptions [27, 67]. Vytgosky’s theory suggests that higher mental functions, such as
reasoning and critical thinking, are learned through cooperative interactions with
peers [27, 67]. Furthermore, Vytgosky argued that children learn best when the task
is within their zone of proximal development [67]. This zone encompasses tasks that
a child can do with help, but not yet alone. Therefore, efficient learning occurs when
working together with a peer performing tasks at a slightly higher cognitive level.
Furthermore, collaboration is said to increase student engagement. Jackson et al. [27]
facilitated peer collaboration by enabling the students to communicate with each
other through an intercom system, this appeared to increase feelings of presence and
student engagement. However, these claims are based only on casual observations,
so more research is needed to be able to determine the exact effect of collaboration
on these variables.

Finally, collaborative learning is claimed to build diversity understanding, increase
students’ self esteem, reduce anxiety, help develop students’ oral communication
skills and more [33].
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To achieve a complete experience in a collaborative virtual environment (CVE), Theok-
tisto and Fairén [66] listed the following required sensations:

a shared sense of location in (3D) space;

a shared sense of time;

a shared sense of co-presence;

a shared communication channel;

a shared mechanism for object manipulation.

We will now discuss several VR concepts and how they contribute towards these
requirements or otherwise relate to collaboration.
The first two concepts are immersion and presence. As there is no universal agree-
ment on the definitions of both terms, they are often used interchangeably within
the VR literature [32]. We will however use the same distinction as Slater et al. [59]:
presence is a state of consciousness defined as ‘the sense of being in an environ-
ment’ [65], while the degree of immersion can be objectively assessed by looking at
the characteristics of a VR system. Presence is thus important in order to fulfill the
first requirement listed above. Furthermore, Slater et al. [60] found it to increase
agreement within groups. By increasing the immersive qualities of a VR system,
higher feelings of presence can be elicited [65, 59, 14]. Cummings and Bailenson [14]
did however find that this effect is only medium-sized and that the impact differs
between factors.
Besides increasing feelings of presence, immersion benefits collaboration in multi-
ple ways [59, 54, 44, 31]. Since the terminology used for variables contributing to
immersion varies across the literature, we will solely use Steuer’s definitions [65]
here to avoid confusion.
The first factor to be discussed is vividness, which stands for the sensory richness
of the portrayed environment. Two contributing factors are sensory breadth, which
refers to the quantity of senses that are simultaneously addressed, and sensory depth,
which refers to the quality of these inputs. Research in Computer-Supported Co-
operative Work (CSCW) [59] shows that sensory depth is an important aspect in
CVEs as it directly affects the effectiveness of both verbal and nonverbal interaction.
An example would be providing a higher image resolution, allowing users to see
each other’s facial expressions and other small social interaction cues. According to
Slater and Wilbur [59], the impact of sensory breadth is harder to demonstrate. Al-
though many studies could not prove that accommodating more sensory modalities
improved collaboration, it has been hypothesized that it affects the process rather
than the outcome [59].
The next factor is interactivity, which is defined as the extent to which users can
modify the form and content of the VE in real time [65, 59]. Seeing as collaboration
almost always involves jointly creating or manipulating objects such as documents
and designs, hence the last requirement in the list above, it is important to have suffi-
cient interactivity for the purpose of the collaboration [59]. Finally, one of the factors
contributing to interactivity, speed, refers to the time it takes to assimilate input into
the VE [65]. In order to fulfill the second requirement, a shared sense of time, inter-
action should have (almost) no delay.
A study performed by Narayan et al. [44] shows that the level of immersion can
affect user performance on collaborative tasks. During their experiments, two im-
mersive factors were varied; stereo and head tracking. While head tracking did not
seem to affect the task performances, stereo proved to be extremely important for
performing their specific task. Narayan et al. also found that it is more effective to
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maximize the total level of immersion instead of making sure that everyone has a
similar level of immersion.

Another interesting discovery regarding the effect of immersion on collaborative
performances is the finding that the most immersed user tends to emerge as leader
[60].

In order to fulfill the need for a shared communication channel, several options can
be considered. Examples are communication through chat [17], avatar movement
[67], speech [27, 60] or a combination of multiple channels [67]. In CVEs, spoken
communication is used more frequently than communication by text. Probable ex-
planations are that speaking is the most natural way of conversing, that it is faster,
that the hands do not need to be occupied and that speaking allows for conveying
additional information by intonation. Avatar movement is especially useful for me-
diating unspoken social interaction cues such as emotions and looking at somebody.

The last requirement to satisfy is a shared sense of co-presence, which is the feeling of
being with other people. Slater et al. [60] found a positive relationship between pres-
ence and co-presence, although the causality is still unknown. Visualizing the other
users, by means of an avatar, is also important in creating a sense of co-presence
[66]. Besides, as mentioned before, avatars can be used to communicate nonverbal
behaviours [67]. These behaviours serve at least two central functions in face-to-face
interaction: the communication of emotion and conversation management [56]. Ex-
amples of these nonverbal behaviours are raising one’s eyebrows and nodding one’s
head.

Different approaches exist towards the controlling of avatar behaviour. One ap-
proach is manual control, which has the advantage that the user is in total control
of which behaviours are being expressed. The disadvantages are that it requires
continuous attendance to its state and that unconscious behaviours will be lost. A
completely different approach is tracking the user’s real-life expressions and move-
ments and using these to control the avatar. The advantages are that it provides the
most faithful representation of the user’s nonverbal behaviours and that no atten-
tion is required. However, disadvantages are that tracking equipment can be both
expensive and intrusive and that user’s might prefer control over their avatar’s ac-
tions. Moreover, it is hard to track user’s facial expressions and gaze when they are
wearing a HMD. Finally, different approaches in between exist. Such as partly au-
tomated avatar behaviour. The main disadvantage of this approach is that it may
result in misleading behaviours.

Both the appearance and behaviour of avatars can influence interaction between
users in a VE [56]. According to research in social psychology, people consider sim-
ilar looking people to be more attractive and persuasive [56]. They are also more
likely to make a sale and receive altruistic help. This effect can also be achieved
by digitally morphing one’s face with the person they want to influence. Schroeder
and Axelsson [56] demonstrated this by showing that participants are more likely
to vote for a candidate that is morphed with their own face than a candidate that is
morphed with someone else’s face.

Another way to become more persuasive is by directing gaze at someone [56]. In
the real world, it is not possible to look directly at more than one person at the time.
However, in VR it can be programmed that it appears to all participants as if they
are gazed at directly by the speaker.

Finally, mimicking nonverbal behaviour also increases persuasion and makes one
appear more likeable [56]. Schroeder and Axelsson [56] performed a study where
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they made a virtual agent mimic the participants” head movements with a 4 second
delay. The results showed a huge difference compared to a virtual agent whom'’s
head movements were a playback from a previous round. The mimicking agent was

far more successful at persuading the participants and was also seen as more like-
able.

The majority of the literature focuses on collaboration between users that are all in-
side the VE. However, collaboration between users inside and outside the VE might
also bring interesting opportunities. One subject in this area is the creation of telep-
resence using VR. For example Khan et al. [31] created a system that allowed for
collaboration with a remote person, making them feel as if they were at the local
site. Combining VR with their previously developed Embodied Telepresence system
(ETS), allowed the remote user to look around, specify their gaze, do side conversa-
tion, etc.

Besides the papers on telepresence, no literature was found regarding to collabora-
tion between users inside and outside the VE. We did however find one game that
illustrates how this form of collaboration could be used: Keep Talking and Nobody Ex-
plodes [30]. The idea behind this game is that the player wearing the HMD has to
dismantle a bomb, while the player without the HMD holds the manual. Collabora-
tion and good communicative skills are thus very important to win this game.

2.4.1 Discussion & Conclusion

A great amount of research has been done in the area of collaboration in VR. How-
ever, a lack exists concerning interaction between users inside and outside the VE.
The cause of this lack is not clear; perhaps this form of interaction is just not as
promising as interaction between users within VEs.

The fact that collaboration in a VE for art creation has not been studied before, raised
the general research question: How to facilitate collaboration and interaction in a virtual
environment for art creation? We can further specify this to: How to facilitate collabo-
ration and interaction between users in a virtual environment and users in the real world,
aimed at teaching VR drawing in a classroom? Besides addressing the lack in the litera-
ture, this new research question also helps schools as they almost always have more
students than HMDs, but still want everyone engaged.

Despite this high relevance, the decision was made to not include the collaboration
aspect in this research. Addressing it would be a good topic and is recommended
for a potential follow-up thesis project.
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3. Pre-study: gaining initial insight
into teaching VR drawing to chil-
dren

The main experiment presented in the scientific paper is preceded by two exploratory
experiments. These experiments are briefly mentioned in the paper but not further
discussed. This section contains all information of the first exploratory experiment:
the pre-study. Section 3.1 presents the motivation for this experiment and Sections
3.2 and 3.3 describe the implementation and setup. Encountered issues are men-
tioned in Section 3.4. The findings are discussed in Section 3.5 and Section 3.6 closes
with conclusions and the impact on the succeeding experiments.

3.1 Motivation

Since no research exists yet on VR painting for younger children, the issues that
might hereby arise are still unknown. Therefore it was decided to conduct an ex-
ploratory experiment in order to acquire more insight on this topic. The goal was
to identify the issues that might arise when teaching children to draw in VR, so that
they can be addressed in the main experiment.

Additionally, this experiment served as an initial test to collect information needed
for setting up an appropriate main experiment; information such as what level of
drawings the children can handle, how long they need to complete a drawing, whether
they understand the controls and where extra instructions might be needed. Finally,
some spatial ability exercises were tested to see whether they were suitable for chil-
dren of this age.

3.2 Implementation

The used hard- and software is largely similar to the hard- and software used dur-
ing the main experiment, described in the scientific paper. The main difference is
that the modified version of A-Painter only included minor changes; the training
exercises and menu were not implemented yet. These minor changes included the
translation of A-Painter to Dutch, to make sure that the children would understand
everything, and the addition of a warning prompt to the ‘Clear’ button to prevent
them from accidentally erasing their entire drawing.
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(A) Blue cube (B) Firefly

FIGURE 3.1: Example figures of the pre-study.

3.3 Setup and Procedure

Four children participated in this exploratory experiment. Beforehand they received
instructions and signed a consent form. During the experiment, the children cre-
ated virtual 3D drawings using the two handheld controllers. In contrast to the
main experiment, the drawing sessions were not individual; all four participants
were present the entire experiment. Each child started with five minutes of freestyle
drawing to become familiar with the HTC Vive and A-Painter.

The participants were all asked to copy two figures. The first one being a simple
blue cube (3.1a). The scene, shown in Figure 3.2, contained both a 3D model and a
2D perspective image of this cube. Based on this example it was explained that their
drawings should be 3D, just as the 3D model of the cube. The second figure was a
firefly ( 3.1b). Two participants received a 2D example (Figure 3.3b) while the other
two participants received a 3D example (Figure 3.3a).

During the creation of these drawings, we closely watched the children and asked
them questions. An art teacher was present to assist in asking the right questions
and interpreting the answers from her field of expertise.

The children were also asked to make a number of spatial ability exercises while
thinking aloud. This allowed us to judge whether the children understood the ques-
tions.

Afterwards, everyone sat together for a joint discussion about the session and a num-
ber of questions. Everything was recorded to allow for a more closer evaluation af-
terwards.

FIGURE 3.2: The scene containing both a 3D model and a 2D perspec-
tive image of the cube, seen from the beginning position (left) and
from above (right).
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(A) The scene containing the 3D example of (B) The scene containing the 2D example of
the firefly, as seen from above. the firefly, as seen from above.

3.4 Issues

Originally, it was planned for the children to draw four figures. The examples were
divided in such a way that all participants would have received two 2D images and
two 3D models. However, the drawing took up a lot more time than anticipated.
Thus it was necessary to cut back to only the example figure and one of the more
difficult figures.

3.5 Findings

This section gives a structured overview of the main findings. The drawings made
by the participants can be found in Figures 3.4 and 3.5.
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(A) Participant 1 (B) Participant 2 (C) Participant 3 (D) Participant 4

FIGURE 3.4: Cube drawings. Clicking on them will open a complete
view of the drawing in a webbrowser.


https://aframe.io/a-painter/?url=https://ucarecdn.com/a9b0fd09-f5c5-46d6-b386-f6c72bc76387/
https://aframe.io/a-painter/?url=https://ucarecdn.com/dbc8177c-d018-4e8c-9ad2-30f5daf6e6f4/
https://aframe.io/a-painter/?url=https://ucarecdn.com/1b4c04c0-c296-4288-85aa-395cea4e2e2e/
https://aframe.io/a-painter/?url=https://ucarecdn.com/846128a0-2454-408a-9c8c-6fb6913b37f8/
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(A) Participant 1 (B) Participant 2 (¢) Participant 3 (D) Participant 4
(2D example) (2D example) (3D example) (3D example)

FIGURE 3.5: Firefly drawings. Clicking on them will open a complete
view of the drawing in a webbrowser.

3.5.1 General observations

e The children that were not drawing were very involved with the child that was
drawing.

- Advantage: they tried to help each other and gave lots of (helpful) advice.
Their mutual jokes also created a fun atmosphere.

- Disadvantage: it seemed to make them (more) self-conscious about their
drawings. Especially when something did not succeed, they tended to
make a joke about it and seemingly make it worse on purpose as if they
were not doing their best anyway (examples are 3.4a and 3.5c). They also
distracted each other from time to time.

¢ Implementing a warning for the “clear’ button proved its value; already during
the first figure this button was accidentally selected instead of the ‘save’ button,
which normally would have resulted in completely erasing the entire drawing.

e The participant that performed best on the 3D drawings (participant 4), also
answered several MRT questions strikingly quick and almost faultless. No
particular observations have been made for the other subjects.

3.5.2 Drawing observations

o The first figure (the cube) went quite well.
— The children did not really look at the examples but immediately started
drawing.

— Most of them also quickly had an idea on how to do it. Even before trying
it one of them already said: “Ohh that is easy, just draw a square, turn,
draw another square, turn and so on”.

— Only one participant said that they found this figure really difficult.
o The second figure (the firefly) was found to very difficult.
— Assoon as the children saw the figure they exclaimed things as: “Nooooo...”
and “How would you even draw this in 3D??”.
— They particularly indicated not knowing where to start.

— When it was suggested to start with the body, the participants struggled
with the oval 3D shape.


https://aframe.io/a-painter/?url=https://ucarecdn.com/9c3a4ebf-3baa-44e5-93bc-73cc54e056f9/
https://aframe.io/a-painter/?url=https://ucarecdn.com/33dd7f6d-ab58-4f00-8a5c-de90d2cdb6f2/
https://aframe.io/a-painter/?url=https://ucarecdn.com/6622f3c4-02cc-4d2d-b03b-b67b824d1585/
https://aframe.io/a-painter/?url=https://ucarecdn.com/c574c97d-7d33-418a-8852-8298e60f3089/
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- They did however address it very methodically by first carefully drawing
a framework and then filling it in.

- Three out of four participants experienced the firefly figure as too difficult.

¢ Conclusions about the difference between 2D and 3D examples cannot be drawn
since there was, due to time limitations, only one figure where the participants
had either a 2D or 3D example. Differences between these drawings may be
the result of differences in the talent of the individual children.

e The first participant with a 2D example also created a 2D drawing, however,
later it became apparent that the assignment had not been entirely clear to
them. The other participant with a 2D example did make their drawing in 3D.

¢ Finally, the controls caused quite some problems;

— Especially selecting colors did not go smoothly. How to point with the
other controller was not clear and even when they knew how it worked,
they still had trouble pointing and seeing the pointer line.

— They accidentally teleported quite a number of times.

- Everyone had a hard time finding the ‘undo’ button, which is located on
the sides of the controller.

However, the problems with the controls became less over time.

3.5.3 Questions

e The children were asked beforehand whether they thought it would be easier
to draw from a 2D or 3D example; they all thought drawing from a 3D example
would be easier. Afterwards the children received the same question and they
all still agreed to their answer. The main reason they mentioned was that “a
3D example shows how long and round something is”.

e When asking what they found the most difficult about drawing in 3D in VR:

— One participant answered that the VR headset / controls made it (more)
difficult.

— Another participant disagreed, they responded that VR makes 3D draw-
ing easier because “you can look from underneath, from above, the sides
etc. and you cannot do that on paper”.

— The shape of the firefly was also mentioned as the most difficult. Since
it is some sort of oval shape, drawing the curves to form the shape and
making them the same on different sides is really tough, according to the
participant. Also the ‘closing” of the shape was experienced as difficult
and laborious.

e We also asked what sort of exercises they think would help them to learn draw-
ing in 3D.

— The children all agreed that starting with basic figures, such as cubes,
spheres and pyramids, and then steadily going more difficult would be a
good idea.

e One of the children also came up with a good solution for the problems with
the selecting of the colors.



38 hapter 3. Pre-study: gaining initial insight into teaching VR drawing to children

- They suggested to display the color circle on the trackpad of the controller
that is displayed in the virtual environment. This way you can directly
tap on the wanted color.

- However, this might cause a (great) loss in accuracy. Also, making big
changes in the controls is not within the scope of this project.

They all favored drawing buildings (house, room, city), which was interesting
as we suspected animals to be preferred.

— When asked, the children answered that animals are often probably too
difficult due to their ‘weird and different shapes’.

— One participant wished to draw a house which you could enter and then
also draw the inside. The other participants reacted very enthusiastically
to this idea.

They also all reacted very enthusiastically on the idea to create point-to-point
drawing exercises in the virtual environment and said that they definitely
would like to do that in 3D.

The step-by-step drawing idea was also received positively. It is also in line
with their wish to start with basic figures. The children thought it would cer-
tainly make it easier to draw more complex figures, since you can just follow
the steps and do not have to figure out yourself where to start and how to do
it .

3.5.4 Spatial ability exercises

3.6

Both the Spatial Reasoning (SR) and Mental Rotation Test (MRT) exercises were
understood by the children, although most of them did not find them easy.

There appeared to be big differences between the children; where one of them
doubted a lot and indicated that they found it incredibly difficult, another one
did not seem to have any doubts and answered everything quickly and almost
faultless.

The participants found it difficult to understand how the cubes could be folded
in the SR exercises. Explaining this also proved to be challenging without
physical aids.

One of the participants mentioned that the symbols of the SR test confused
them several times.

Conclusions and impact on subsequent experiments

Using a small number of subjects, this pre-study aimed at getting a better under-
standing of the matter, especially with respect to how children experience it. An-
other goal was to identify important issues in order to eliminate potential pitfalls
and problems for the setup of the main experiment.

It became clear that the children need more time for their drawings than expected,
which led to the decision to make the sessions longer and have less exercises. Sec-
ondly, we concluded that it is better to have no other children in the room during
the main experiment. This way the children can really try their best and do not have
to feel ashamed or "act cool” in front of each other.



3.6. Conclusions and impact on subsequent experiments 39

Since the controls were found to be troublesome, it was concluded to spend more
time on the explanations and practising of the controls. In particular on the actions
that caused the most problems.

Furthermore, as all children expressed the wish to start with more basic shapes, the
decision was made to add the drawing of five basic shapes to the drawing exercises
of the main experiment. Both the involved art teacher and the children unanimously
deemed the drawing of the basic shapes to be the most helpful when learning to
draw in 3D. Thus the basic shapes were inserted at the expense of the point-to-point
drawings, which were deemed fun but less helpful.

One of the main issues observed during this experiment was ‘not knowing where
to start’, especially with the extra dimension that suddenly had to be taken into ac-
count. This strengthened our idea that step-by-step drawing exercises are a good
way to learn drawing in 3D.

As the children all favored drawing buildings, a number of exercises containing a
building were added for the upcoming experiments.

Based on the performance of the participants in this experiment, we assume that
both the SRT and MRT questions are suitable for this age group. They did however
need more time for the MRT questions, thus in the main experiment we do not ad-
here to the official strict time limits. Given the participant that got confused by the
symbols of the SRT questions and the literature that indicates that adding color can
make spatial tests more suitable for young children [36], we decided to test the dif-
ference between usage of colors and symbols in the succeeding experiment.

Finally, in order to be able to explain more clearly how the SRT questions should
be solved, we decided to use printed folding patterns for the explanations in the
succeeding experiments. This way the children could physically fold them, helping
them to understand how to mentally fold the other ones.
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4. Trial run: testing and improving
the implemented exercises

This section contains all information of the second exploratory experiment preced-
ing the main experiment: the trial run. Section 4.1 presents the motivation for this
experiment and the implementation and setup are described in Sections 4.2 and 4.3.
Encountered issues can be found in Section 4.4. The observations are discussed in
Section 4.5 and Section 4.6 closes with conclusions and the impact on the main ex-
periment.

41 Motivation

To test our implemented software for usability and bugs, we decided to conduct a
user test. This user test took place in the form of a trial run for the main experiment.
The main goals were to minimize the chance at problems during the main experi-
ment and to find out what still could be improved. It was also tested whether there
was a noticeable difference between using colors and symbols for the SRT. Addition-
ally, time indications for the different drawing exercises and the spatial ability test
were gathered.

4.2 Implementation

The used hard- and software was mostly equal to the previous experiment, only A-
Painter was further extended.

To enable the experimenter to control the experiment, a menu was added that is vis-
ible on the additional screen but not on the HMD. The menu, shown in Figure 4.1,
contains buttons for the different drawing exercises/modes, a 2D /3D switch and
buttons to save and clear the drawings. By switching the 2D /3D switch to the de-
sired dimension and subsequently clicking a figure, the example of this figure will
appear in the corresponding dimension.
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FIGURE 4.1: Menu

For the practising of the basic shapes five shapes were added: a cube, a pyramid,
a sphere, a cylinder and a cone (4.2). Three SBS drawing exercises were created and
included as well. The intermediate steps of the SBS exercises, shown in Figures 4.3,
4.4 and 4.5, were created with Blender.
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FIGURE 4.2: 3D basic shapes
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FIGURE 4.3: Steps of the SBS Tree exercise.

FIGURE 4.4: Steps of the SBS Church exercise.

FIGURE 4.5: Steps of the SBS Chicken exercise

To allow the participants to control the steps of the SBS exercises themselves, two
buttons were placed inside the virtual environment. By pressing the trigger button
while touching one of these buttons with a controller, the example will go one step
forward or backward depending on the button. Figure 4.6 shows a screenshot of the
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SBS chicken exercise.

FIGURE 4.6: How the scene looks when doing the SBS chicken exer-
cise.
4.2.1 Spatial Ability Test
A spatial ability test consisting of three parts was created:
e Spatial Reasoning Test with colors (SRT-colors)
e Spatial Reasoning Test with symbols (SRT-symbols)
e Mental Rotations Test (MRT)

Four example questions (1 SRT-colors, 1 SRT-symbols and 2 MRT) were added for
the instructions and practice.

SRT

To test the spatial visualization skills in our participants, the Spatial Reasoning Test
(SRT) of 123test [64] was used. Spatial visualization ability and spatial reasoning
both refer to the ability to visualize three-dimensional objects in your mind and to
mentally manipulate them. Figure 4.7 shows one of the questions of the test.

AAAA A) o vl o)
O A B c D

FIGURE 4.7: Example question of the SRT-symbols: Choose the cube
that CANNOT be made based on the unfolded cube.

In order to test whether using colors instead of symbols would help the chil-
dren, it was decided to adjust the test. With the use of Paint.NET, the sides of the
cubes were colored. For each question, every symbol was assigned a color, thus
maintaining the original questions. In cases where the direction of the symbols were
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important for solving the question, different colors were used for the different direc-
tions. Both the questions and answers in this part were shuffled to make sure that
the students would not notice receiving the same test twice. One of the questions of
this colored version of the SRT is shown in Figure 4.8.

A B C D

FIGURE 4.8: Example question of the SRT-colors: Choose the cube
that CANNOT be made based on the unfolded cube.

4.2.2 MRT

To test our participants mental rotations skills, we used the redrawn Vandenberg
and Kuse Mental Rotations Test created by Peters et al. [49]. Figure 4.9 shows one of
the MRT example questions.

A B o D

FIGURE 4.9: Example question of the MRT: Choose the 2 figures that
can be obtained by rotating the first figure.

4.3 Setup and Procedure

Three participants participated in this trial run. Before starting the experiment, in-
structions were given and all participants signed a consent form. Then, they made
several drawing exercises, completed the spatial ability test and filled in a ques-
tionnaire. They all made different drawing exercises, allowing more exercises to be
tested. The schedule with the distribution of the drawing exercises can be found in
table 4.1.

During the whole experiment, the children were observed closely to see whether
things went wrong or were unclear. The time needed for the spatial ability tests and
the drawing exercises was measured for each subject.
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Time Participant 1 \ Participant 2 \ Participant 3
12:30 - 12:40 | General instructions and signing of the consent forms
A-Painter
12:40 - 13:05 : g;fef;é;;v;gg Spatial ability test | Spatial ability test
- SBS tree
A-Painter
13:05 - 13:30 Questionnaire - Free drawing (Continue spatial
’ ’ Spatial ability test | - Cylinder shape | ability test)
- SBS small church
A-Painter
. . - Free drawing
(Continue spatial Questionnaire - Cone shape
13:30 - 13:55 . (Continue spatial .
ability test) s - SBS chicken
ability test)
Questionnaire
13:55 - 14:00 | Wrap up and joint discussion

TABLE 4.1: Schedule trial run

4.4 Issues

Finding complete and suitable spatial ability tests turned out to be quite challeng-
ing. Many well-known tests are incomplete or not available online due to their age.
Newer tests often lack confirmations of reliability or are simply not free to use.

4.5 Observations and Results

The drawings created during this trial run can be found in Figures 4.10 and 4.11. Ta-
bles 4.2 and 4.3 show the time measurements and table 4.4 shows the spatial ability
test scores. The translated questionnaire questions are presented in Table 4.5 and the
answers in Table 4.6.

A structured overview of the observations made during the experiment:

e The children found the difficulty of the basic figures exactly right, although
they would have liked some extra instructions/assistance. They also thought
that practising these basic shapes can help them to draw more difficult figures.

e The participants all liked the SBS exercises and thought they were a good way
to learn drawing in 3D.

o The exercises are working really well in their current form; no problems were
found and everything was clear.

e Participant 3 indicated that they would have liked more steps during their SBS
exercise. This participant did the chicken and told us the changes between the
last and second-to-last step were too big.

e The children like to chose their own colors for their drawings.

e The process of drawing shows an important part of one’s skill and understand-
ing in 3D drawing, something that is not always reflected in the final result. For
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example when a very nice skeleton for a shape is drawn quickly and correctly,
but then rough coloring makes the drawing look sloppy and the skeleton in-
visible.

e Both the spatial ability test and questionnaire proved to be understandable for
children of 10/11 years old.

e Two participants found the SRT-colors more difficult than the SRT-symbols,
while one found the SRT-colors more simple. Their results however show that
they all performed better on the SRT-colors.

A) Participant 1 (B) Participant 2 C) Participant 3
Sphere Cylinder Cone

FIGURE 4.10: Basic shape drawings. Clicking on them will open a
complete view of the drawing in a webbrowser.

(A) Participant 1 (B) Participant 2 (C) Participant 3
Tree Church Chicken

FIGURE 4.11: SBS drawings. Clicking on them will open a complete
view of the drawing in a webbrowser.

Exercise ‘ Participant 1 Participant2 Participant 3
Basic shape | 1:22 minutes 4:00 minutes  5:19 minutes
SBS drawing | 6:04 minutes 16:00 minutes 3:43 minutes

TABLE 4.2: Time measurements for the drawings


https://aframe.io/a-painter/?url=https://ucarecdn.com/8c8931b9-a738-413f-a639-2cd0636fe12f/
https://aframe.io/a-painter/?url=https://ucarecdn.com/b6cda339-f432-4636-8c4d-3cc6fcbd5227/ 
https://aframe.io/a-painter/?url=https://ucarecdn.com/44ddc5ad-1c93-45b4-b439-e8b654462529/
https://aframe.io/a-painter/?url=https://ucarecdn.com/e749bcc9-0ba8-4fa4-a03f-2b8bd48df3a0/ 
https://aframe.io/a-painter/?url=https://ucarecdn.com/f71b013e-1af2-44c4-ac13-a6a9464013ee/
https://aframe.io/a-painter/?url=https://ucarecdn.com/98e6e3d8-a634-4e8d-bc98-ca23e79c7fb2/ 
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Test ‘ Participant1 Participant2 Participant 3
SRT-symbols | 10 minutes 8 minutes 16 minutes
SRT-colors 17 minutes 11 minutes 9 minutes
MRT 15 minutes 7 minutes 10 minutes

TABLE 4.3: Time measurements for the spatial ability test

Test ‘ Participant1 Participant2 Participant 3
SRT-symbols | 7/10 3/10 1/10
SRT-colors 10/10 7/10 3/10

MRT 19/20 12/20 13/20

TABLE 4.4: Spatial ability test scores
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Question Response Possible answers
format

Q1 Did you have any experience Multiple | "No", "Yes, once before",
with VR before today? choice "Yes, a few times or more"

2 Have you ever painted in VR Multiple | "No", "Yes, once before",
before today? choice "Yes, a few times or more"

Q3 Are you good at calculating Smiley "Very bad", "Bad", "Not good,
(school subject) scale not bad", "Good", "Very good"

. Smiley "Very bad", "Bad", "Not good,
?

Q4 | Are you good at drawing? scale not bad", "Good", "Very good"

Q5 Do you like drawing (on Smiley "Not at all", "No", "Neutral",
paper)? scale "Yes", "Very much"

Q6 | How often do you draw? Open' -

question
. L Smiley "Not at all", "No", "Neutral"
7 7 4 7

Q7 | Do you like drawing in VR? scale "Yes", "Very much”

Q8 Would you like to get better at Smiley "Not at all", "No", "I don’t
drawing in VR? scale know", "Yes", "Very much"

Q9 What did you think about Multiple | "Very easy", "Easy", "Exactly
drawing the basic 3D figures? choice right", "Difficult", "Very difficult"
Would y<‘)u like to have‘more Multiple | "No", "I don’t know / Maybe",

Q10 | explanation or help while . i~
drawing the basic figures choice Yes

Q11 If yes, what help would you Open )
want to have? question
Do you t}‘unk practlc:? with Smiley "Not at all", "No", "Neutral",

Q12 | these basic figures will help 1 "Yes" "Very much”
draw more complicated figures? scale e, Yery muc

Q13 Did you like making the Smiley "Not at all", "No", "Neutral",
‘step-by-step” drawing? scale "Yes", "Very much"

014 ggj:iildt}};);t};zk_abb?;z , Multiple | "Very easy", "Easy", "Exactly
figures7g prby=step choice right", "Difficult", "Very difficult"
Did you think drawing the . " WA

Q15 figur}; was made easie% by Smiley Not atall’, "No", "Maybe /
these steps? scale I don’t know", "Yes", "Very much"
Would you prefer a different Multiple ,,A lot less. ! é 1'1'ttle. less”,

Q16 . Exactly right", "A little
amount of steps? choice 4 .

more", "A lot more
Do you think you can draw a

Q17 certain figure better after Smiley "Not at all", "No", "Maybe
completing the “step-by-step’ scale / Idon’t know", "Yes", "Very much"
assignment?

Do you think “step-by-step Smiley "Not at all", "No", "Maybe

Q18 | drawings are a good way to , noan "
learn 3D drawing? scale / Idon’t know", "Yes", "Very much

Q19 Anything else you would like Open )
to tell us? question

TABLE 4.5: Translated questions of the questionnaire used during the
trial run.
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Participant 1 Participant 2 Participant 3
Q1 | Yes, once before No Yes, once before
Q2 | No - No
Q3 | Not good, not bad Good Very good
Q4 | Good Not good, not bad Bad
Q5 | Very much Yes Neutral
Q6 | Every day Not very often Not much
Q7 | Very much Very much Yes
Q8 | Very much Very much Very much
Q9 | Exactly right Exactly right Exactly right
Q10 | Idon’t know / Maybe | Yes Yes
Q11 | - - By painting in VR more often
Q12 | Yes Very much Yes
Q13 | Very much Yes Yes
Q14 | Exactly right Very easy Exactly right
Q15 | Yes Very much Yes
Q16 | Exactly right Exactly right A little more
Q17 | Yes Very much Yes
Q18 | Yes Very much Yes
Q19 | It was super fun I really liked this assignment! | No

TABLE 4.6: Translated answers of the questionnaire.

4.6 Conclusions and impact on the main experiment

The main goals of this experiment were testing everything for the main experiment
and seeing what could be improved. No problems were found, but some interesting
insights were gained. Based on these, some valuable improvements were made.
First of all, the participants indicated that more instructions for the basic shapes were
desirable. Therefore, step-by-step instructions have been implemented for these fig-
ures as well. Secondly, the SBS chicken was found to have too little steps. Hence,
these were extended.

Since the children liked choosing their own colors for their drawings, they are en-
couraged to do so during the assignments. Only for the graded drawings they are
asked to use similar colors in order to facilitate the grading process.

Due to the observation that the drawing process is of importance when assessing
one’s ability to draw in VR, it was decided to include this process in the grading in
the form of bonus points. Screen recordings were made of every session, enabling
looking back on everyone’s drawing process.

Furthermore, it was tested whether there was a noticeable difference between us-
ing colors and symbols for the SRT. The participants scored better when colors were
used, however, they already scored well on the SRT-symbols. Since using colors
was a solution in case the test was still too difficult for children of this age, which is
clearly not the case, there is no need for using the colorized version. Also, the high
scores on the SRT-colors leave less room for improvement.

The children also scored quite well on the MRT test. Therefore, it was decided to use
the official way of checking their answers during the main experiment: subtracting
an incorrect choice from a correct one. This is clearly communicated beforehand so
that they can consciously decide whether or not to write down an answer.
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Finally, the time measurements were used for creating the schedules of the main ex-
periment. Since steps will be added, 6/7 minutes are assigned per basic shape. For
the SBS exercises; 8 minutes are reserved for the tree, 15 minutes for the church and
10 minutes for the chicken. The chicken also got some extra time, since steps will be
added.

The participants spent on average 22 minutes on the MRT and SRT-symbols. They
were, however, somewhat distracted at times, since one of them was drawing in VR
in the same room. This will not be the case during the next experiment; then they
will all make the test together in a classroom without distractions. Therefore, it was
decided to schedule 25 minutes for the spatial ability test.
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5. Main experiment: answering the
research questions

The main experiment and its findings have been summarized in the scientific pa-
per. Additional data and background information not included in the paper, can be
found in this section. Section 5.1 starts with additional information on the imple-
mentation and setup. Encountered issues are discussed in Section 5.2 and Section
5.3 contains all relevant data produced in our experiment.

5.1 Implementation & setup

Based on the new insights gained from the trial run, A-Painter has been improved
for the main experiment. The basic shapes now come with a "Help-button’, shown
in Figure 5.1. By pressing this button, an exercise similar to the SBS exercises will
start; showing possible steps to create the shape one by one. The steps provided for
the various shapes can be seen in Figures 5.2 to 5.6.

FIGURE 5.1: The help button

FIGURE 5.2: Possible steps to construct a cube.
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FIGURE 5.3: Possible steps to construct a pyramid.

FIGURE 5.4: Possible steps to construct a sphere.

| —
Coags Coall

FIGURE 5.5: Possible steps to construct a cylinder.

FIGURE 5.6: Possible steps to construct a cone.

During the previous experiment, it was indicated that the SBS chicken exercise had
too little steps, with especially a big gap between the last and one-to-last step. There-
fore, three more steps have been added. The 3D models of the intermediate steps
have also been improved, the new SBS chicken exercise can be found in Figure 5.7.
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(A) Firefly (B) Garden House

FIGURE 5.8: Example figures for the graded drawings. (Click to open
the 3D models in a webbrowser)

FIGURE 5.7: Steps of the SBS Chicken exercise.

Furthermore, 2D images and 3D models for the graded drawing examples were in-
cluded. The 2D images are shown in Figure 5.8, clicking them references to the 3D
models.


https://p3d.in/iEkPC
https://p3d.in/Fsr8N
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Participant Pre-?est Post:test Pre Pre Post | Post

version | version | GD1 | GD2 | GD1 | GD2
Al 1 2 A-2D | B-3D | B-3D | A-2D
A2 2 1 B-3D | A-2D | A-2D | B-3D
A3 1 2 A-2D | B-3D | A-2D | B-3D
A4 2 1 A-3D | B-2D | B-2D | A-3D
A5 1 2 B-2D | A-3D | B-2D | A-3D
A6 2 1 A-3D | B-2D | A-3D | B-2D
Bl 1 2 B-3D | A-2D | B-3D | A-2D
B2 2 1 A-2D | B-3D | B-3D | A-2D
B3 1 2 B-3D | A-2D | A-2D | B-3D
B4 2 1 B-2D | A-3D | B-2D | A-3D
B5 1 2 A-3D | B-2D | A-3D | B-2D
B6 2 1 B-2D | A-3D | A-3D | B-2D
C1 1 2 - - - -
C2 2 1 - - - -
C3 1 2 - - - -
C4 2 1 - - - -
C5 1 2 - - - -
Co6 2 1 - - - -

TABLE 5.1: Participant overview
A B C
1(71® o\ [® °
® o
2 o . o
o o

FIGURE 5.9: This figure shows how the groups were created for the

division of the 2D /3D examples for the graded drawings. Half of the

participants in group A (exercise group) with half of the participants

in group B (free drawing group) formed group 1, the other halves of
both groups formed group 2.

5.2 Issues

Although most children could not get enough of it, some children wanted to stop
painting before the ending of their session. They did not really give a reason, besides
that “it was really difficult” and that they “just did not want to do it anymore”. As a
result participants A6 and B6 have spent considerably less time painting in VR than
the other participants. Participant A6 has however finished all their exercises.
Furthermore, participant A6 had so much trouble with the controls that it influenced
their pre graded drawings.
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Group A

Group B

Instruction + practise - 10 minutes
Graded drawing 1 - 12 minutes

Instruction + practise - 10 minutes
Graded drawing 1 - 12 minutes

2 minute break
Graded drawing 2 - 12 minutes

Session 1 2 minute break 2 minute break
Graded drawing 2 - 12 minutes Graded drawing 2 - 12 minutes
Cube - 7 minutes
Pyramid -7 mmutes Free drawing - 17 minutes
. Sphere - 6 minutes .
Session 2 ) 2 minute break
2 minute break . )
. . Free drawing - 16 minutes
Cylinder - 6 minutes
Cone - 7 minutes
SBS tree - 8 mmut?s Free drawing - 17 minutes
. SBS church - 15 minutes ;
Session 3 . 2 minute break
2 minute break Free drawing - 16 minutes
SBS chicken - 10 minutes &
Final practise - 5 minutes Final practise - 5 minutes
Session 4 Graded drawing 1 - 12 minutes Graded drawing 1 - 12 minutes

2 minute break
Graded drawing 2 - 12 minutes

TABLE 5.2: Schedules of the individual VR painting sessions.

5.3 Data & Results

e The graded drawings of the participants can be found in Figures 5.10 through
5.21. Clicking on them will open a complete view of the drawing in a web-
browser.

e All final grades can be found in Table 5.3.

e The scores for the spatial ability tests, separately for SRT and MRT, are listed
in Table 5.4.

e The translated questions and answers of the pre-questionnaire can be found in
Tables 5.5 to 5.8.

e Tables 5.9 to 5.15 contain the translated questions and answers on the post-
questionnaires.

FIGURE 5.10: Participant Al

(A) Pre A-2D (B) Post A-2D (C) Pre B-3D (D) Post B-3D



https://aframe.io/a-painter/?url=https://ucarecdn.com/8fcba03d-69e2-4f7c-9bf3-fed738d412c0/
https://aframe.io/a-painter/?url=https://ucarecdn.com/a255f343-c889-462b-85d5-6ce57dbba304//
https://aframe.io/a-painter/?url=https://ucarecdn.com/499978a3-6221-4572-8a1a-5de32e51c6f0/
https://aframe.io/a-painter/?url=https://ucarecdn.com/71d24ff2-4b55-4c2b-89c2-583efec7b0d5/
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FIGURE 5.11: Participant A2

(A) Pre A-2D (B) Post A-2D (C) Pre B-3D (D) Post B-3D

(A) Pre A-2D (B) Post A-2D (c) Pre B-3D (D) Post B-3D

FIGURE 5.12: Participant A3

FIGURE 5.13: Participant A4

(A) Pre A-3D (B) Post A-3D (C) Pre B-2D (D) Post B-2D

(A) Pre A-3D (B) Post A-3D (C) Pre B-2D (D) Post B-2D

FIGURE 5.14: Participant A5



https://aframe.io/a-painter/?url=https://ucarecdn.com/3d1cd13b-83c6-4b53-8e1f-d523110c3bec/
https://aframe.io/a-painter/?url=https://ucarecdn.com/c8c5ae11-4c18-4e73-9f96-39e4f0992753/
https://aframe.io/a-painter/?url=https://ucarecdn.com/ed69898e-16e7-4327-8962-bd4b749299c8/
https://aframe.io/a-painter/?url=https://ucarecdn.com/b664ceeb-1635-4ae3-bb6d-0c2fcc9880b7/
https://aframe.io/a-painter/?url=https://ucarecdn.com/e54df98e-5e37-4d4b-8a1c-573b8dcb51b7/
https://aframe.io/a-painter/?url=https://ucarecdn.com/f9713172-c2ec-4f15-9377-5bc699f8cf15/
https://aframe.io/a-painter/?url=https://ucarecdn.com/2c1316d0-47ee-46b5-ae9a-a353b7015de8/
https://aframe.io/a-painter/?url=https://ucarecdn.com/f22b38a3-aa67-4c42-86d2-9e6a524c5b82/
https://aframe.io/a-painter/?url=https://ucarecdn.com/8ad704ae-b127-4e8d-9b90-125e111b75af/
https://aframe.io/a-painter/?url=https://ucarecdn.com/bff65a85-f872-4dff-99f2-ee27560f2d31/
https://aframe.io/a-painter/?url=https://ucarecdn.com/e7ccb3a4-e229-4e33-8ad5-b4ee2a0e0554/
https://aframe.io/a-painter/?url=https://ucarecdn.com/fd9c1f23-82b8-4d59-9fea-c28bd5c2f9d9/
https://aframe.io/a-painter/?url=https://ucarecdn.com/f1ba286a-f54c-4ba4-9379-0f47b60f2eeb/
https://aframe.io/a-painter/?url=https://ucarecdn.com/e61353df-664b-4e08-a9d6-92fb6bce2d8c/
https://aframe.io/a-painter/?url=https://ucarecdn.com/80631f64-c420-4ff9-a072-82cc5d3cfebd/
https://aframe.io/a-painter/?url=https://ucarecdn.com/c3caa50e-5920-4ac6-a997-6def6bb1029e/
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FIGURE 5.15: Participant A6

(A) Pre A-3D (B) Post A-3D (C) Pre B-2D (D) Post B-2D

(A) Pre A-2D (B) Post A-2D (c) Pre B-3D (D) Post B-3D

FIGURE 5.16: Participant Bl

FIGURE 5.17: Participant B2

(A) Pre A-2D (B) Post A-2D (C) Pre B-3D (D) Post B-3D

FIGURE 5.18: Participant B3

(A) Pre A-2D (B) Post A-2D (c) Pre B-3D (D) Post B-3D


 https://aframe.io/a-painter/?url=https://ucarecdn.com/1a2c7678-febd-484a-9811-60f6eff9a957/
https://aframe.io/a-painter/?url=https://ucarecdn.com/75aae943-06f7-49f3-8f49-39525e46c877/
https://aframe.io/a-painter/?url=https://ucarecdn.com/47e29117-2140-420f-b41c-edd46e08dd6d/
https://aframe.io/a-painter/?url=https://ucarecdn.com/5c23f0f8-86ed-4a22-9d86-b9e9c96cd0b4/
https://aframe.io/a-painter/?url=https://ucarecdn.com/e968be99-05c2-42fb-bc74-cf03e9a52ab6/
https://aframe.io/a-painter/?url=https://ucarecdn.com/d6897b2b-8aad-45dc-8332-e88efd6ef36b/
https://aframe.io/a-painter/?url=https://ucarecdn.com/d057eaf6-f105-4406-8a35-ab64e550cc38/
https://aframe.io/a-painter/?url=https://ucarecdn.com/30e9de68-725c-43ca-a761-b9e8ecf85799/
https://aframe.io/a-painter/?url=https://ucarecdn.com/2b0a7d58-beb5-4bad-9f82-202cd1fdb0a0/
https://aframe.io/a-painter/?url=https://ucarecdn.com/f5af5c85-4b96-4a1e-b34c-fae7802556ab/
https://aframe.io/a-painter/?url=https://ucarecdn.com/e58d8615-0d6d-4fa7-bd6f-cf881ae8c46b/
https://aframe.io/a-painter/?url=https://ucarecdn.com/7f174169-07eb-43ca-8990-f80c7e1bc889/
https://aframe.io/a-painter/?url=https://ucarecdn.com/ea166cb2-b3d7-4450-93b8-8cb56e87b434/
https://aframe.io/a-painter/?url=https://ucarecdn.com/782d2fe5-6e4e-4c1f-b9de-39f2619c47b9/
https://aframe.io/a-painter/?url=https://ucarecdn.com/af6aa1bd-a4ee-4554-9343-10d046c3c789/
https://aframe.io/a-painter/?url=https://ucarecdn.com/84f6127f-915d-4705-87ce-4ba301c262e6/
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FIGURE 5.19: Participant B4

(A) Pre A-3D (B) Post A-3D (C) Pre B-2D (D) Post B-2D

FIGURE 5.20: Participant B5

(A) Pre A-3D (B) Post A-3D (c) Pre B-2D (D) Post B-2D

FIGURE 5.21: Participant B6

(A) Pre A-3D (B) Post A-3D (C) Pre B-2D (D) Post B-2D


https://aframe.io/a-painter/?url=https://ucarecdn.com/1fdc5b7c-8f2b-4b72-81ab-1e5311cc48ce/
https://aframe.io/a-painter/?url=https://ucarecdn.com/50825f2c-e5d2-4e3f-8327-217f2dda7896/
https://aframe.io/a-painter/?url=https://ucarecdn.com/b0af8728-cfd2-490b-b777-1422ea9fcbca/
https://aframe.io/a-painter/?url=https://ucarecdn.com/bdb3d27f-e9bd-45c9-8dfe-e870046d4f89/
https://aframe.io/a-painter/?url=https://ucarecdn.com/c7559550-075f-41da-8ea3-732151ab8485/
https://aframe.io/a-painter/?url=https://ucarecdn.com/4afaebae-51fb-4ca2-90d5-22da09039eb3/
https://aframe.io/a-painter/?url=https://ucarecdn.com/5f4fb475-2caa-4b8d-bf06-15c39c24d73b/
https://aframe.io/a-painter/?url=https://ucarecdn.com/362b61a2-1ae4-44ad-8466-36e60412f323/
https://aframe.io/a-painter/?url=https://ucarecdn.com/8db0e24c-3eee-44a7-942c-9f9f0374747c/
https://aframe.io/a-painter/?url=https://ucarecdn.com/d8b6f2f8-621b-4303-b4e3-fdbeb7f5a348/
https://aframe.io/a-painter/?url=https://ucarecdn.com/5fcad42e-d7c3-4273-b1c7-9e49d3610cdb/
https://aframe.io/a-painter/?url=https://ucarecdn.com/0aa99c29-dcf8-4e82-9167-b205b0fe1b18/
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Pre-SRT | Post-SRT | Pre-MRT | Post-MRT
Al 4 3 6 3
A2 10 9 20 20
A3 8 7 19 18
A4 7 7 5 14
A5 6 4 11 13
A6 4 6 7 5
B1 6 9 20 16
B2 9 5 8 12
B3 5 4 16 10
B4 5 8 15 14
B5 7 6 18 17
B6 8 9 11 13
C1 3 9 5 10
C2 10 6 18 18
C3 4 5 8 10
C4 8 9 10 20
C5 5 5 12 18
Cé6 6 4 14 18

TABLE 5.4: The scores of the spatial ability tests
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01 Q2 Q3 Q4
Al | Yes, tried it once zrei:/e Yes, a lot Minecraft, Pixelgun, Kami
A2 | Yes, tried it once | No | Yes, a lot I play Call of Duty on the Playstation often,
almost every day.
1. I like to play games such as Crossy Road,
Minion Rush and Subway Surfers. I also like
Yes. tried it to play Angry Birds. 2. I always play on my
A3 mui tiple fimes No | Yes, regularly | iPad, sometimes at the Wii and DS and rarely
P at the PS. 3) Mostly in my spare time. I also
often read a comic, magazine or book, but I
mostly play games.
A4 | Yes, tried it once Zleli/e Yes, regularly | Playstation once a week
A5 | No No | Yes, regularly I play Musical.ly, Minecraft on my phone
and iPad.
A6 | No No Yes, a lot Computer, tablet
B1 | Yes, tried itonce | No | Yes, sometimes b Méno Kart 8 deluxe 2) Nintendo Switch
3) 5 times a week
B2 | No No | Yes,alot 1) Horror 2) Playstation, iPad and computer
B3 | Yes, tried itonce | No | Yes, sometimes Dip N efer to play Minecraft 2) Xbox One 3)
10 minutes a day
Roblox on the iPad, Mario Kart on the Wii,
C Skylanders on the Wii, Kamie2 on the iPad,
B4 | Yes, tried it once | No Yes, regularly Mario Tennis on the Wii, Pianotils on the
iPad and internet games, for example A10.
I don’t play games very often but mostly
B5 | Yes, tried it once | No | Yes, regularly | Musical.ly and Tigerball on my iPad and
phone.
B6 | No No Yes, a lot Computer, tablet
C1 Yes, ’Er1ed %t No | Yes, sometimes | Call of Duty, Playstation 4
multiple times
Yes, tried it 1) Adventure, Action 2) DS, iPad
<2 multiple times No | Yes,alot 3) One hour a day
C3 | Yes, tried it once Yes, Yes, a lot 1) Pixelgun, Kami, Minecraft 2) iPad
once 3) Every day
C4 | No No | Yes, sometimes | I almost never play games
Minecraft (iPad, computer, Xbox 360),
C5 | No No | Yes, regularly | Starstable (computer), Roblox (iPad,
computer), Fortza (Xbox)
C6 | Yes, tried it once | No | Yes, regularly I play sometimes GTA on the Playstation

and on the iPad: Minecraft, Roblox, Pixelfun.

TABLE 5.6: The translated answers on pre-questionnaire questions

1-4.
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Q5 Q6 Q7 Q8 Q9
Al | Good Very good Yes, very I d.raw every day and Paper
much paint once per week
Not good, . .
A2 | Very good not bad Yes Every day at school | With pencil
Not good, A few times a month, I mostly pref cera
A3 Good Yes pen or pencil on a
not bad but not very often.
paper sheet.
Not good, | Yes, very . .
A4 | Very good not bad much 3 or 4 times a week Everything
Not good,
A5 not bad Bad Neutral Once a week On paper
A6 Not good, Bad Neutral Not often, sometimes With paint and on
not bad the computer
Bl | Good Good Yes, very 10 times a week On the Ipad Pro
much
B2 | Good Very good Yes, very Often Computer and in
much real life
Not good, I mostly draw 15 .
B3 | Good not bad Yes minutes Paint on paper
Yes, very .
B4 | Good Very good much Quite often On paper
B5 | Good Bad Neutral Sometlr'nes Itry to Just n'ormal
copy things drawing
Yes, very On the computer
B6 | Good Very good Not often but a lot
much or paper
Not good, | Yes, very .
C1 | Good not bad much 10 times Paper
C2 | Very good | Good Neutral Now and then Paper and pencil
Not good, | Not good, . Color pencils
C3 not bad not bad Yes, very much | Quite often on paper
C4 | Very good | Good Yes I almost never paint, | With paint on
I draw quite often paper
Not good, Yes, very .
C5 not bad Very good much Almost every day Paint, paper
C6 Not good, | Not good, | Yes, very Two times a month With pencil on
not bad not bad much paper

TABLE 5.7: The translated answers on pre-questionnaire questions

5-9.
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Q10 Q11 Q12 Q13
Because I can draw cartoons

Al | and find that awesome and Love to Love to No
on the computer difficult
A2 g(e)cause it is not difficult to Yes [ don’t know | No
A3 W‘ell, I am not very good Yes Yes No
with computers.
A4 | No Love to Love to No
A5 BeF:ause I finfi it the most Yes Yes No
enjoyable to just draw on paper.
A6 | - Yes Yes No
Bl | No, not really Yes Love to No
B2 | I want to try something new. Love to Love to No
Virtual Reality
B3 | Ifind it easier on paper I don’t know | I don’t know | can be very
scary and cool
B4 Because you can use so many Love to Love to )
colors and ways.
Because you can still erase
which is not the case with paint
B5 | and with the iPad you didn’t Yes Yes No
completely do it yourself and
is it more difficult.
On paper with pencil is easy,
B6 with paint 'things d.on’t'become Love to Yes No
very beautiful and it will
be a mess.
C1 | No Love to Love to No
C2 | Because pencils do not leak I don’t know | I don’t know | Not really
C3 | I can draw very beautiful with those. | I don’t know | Yes No
C4 | Tjust like that better Yes Not really No
C5 | No idea! Love to Love to No
C6 | Because you can erase it then Love to Love to No

TABLE 5.8: The translated answers on pre-questionnaire questions
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Question Response Possible answers
format
What did you think about the past weeks’ | Smiley ,,NOt fun”a’f' all é 1>T0t fun’,
Q1 ) . ) ) Neutral”, "Fun", "A lot
Virtual Reality drawing sessions? scale B
of fun
"To copy the figures",
Q2 | What did you like most? Mu%uple ”Basm 3D shapes J "
choice Step-by-step assignments"”,
"Freestyle drawing"
"To copy the figures",
Q3 | What did you like least? Mu%hple Basic 3D shapes ’ S”tep-
choice by-step assignments”,
"Freestyle drawing"
. . . "Not at all", "No",
Q4 Do you think the se5519ns helped you Smiley "Maybe /1 don’t know",
become better at drawing in VR? scale . "
Yes", "Yes, very much
"To copy the figures",
Q5 What do you think is the best way to Multiple | "Basic 3D shapes", "Step-
improve at VR drawing? choice by-step assignments",
"Freestyle drawing"
Q6 What was the hardest part of drawing Open )
in VR for you? question
. . "Not at all”, "No",
Q7 Woul'd you like to get (even) better at Smiley "Maybe,/T don’t know”,
drawing in VR? scale A "
Yes", "Yes, very much
What is now your favorite method of
08 drawing/painting? (For example with Open )
paint on paper, on the computer with question
Paint or in Virtual Reality)
Can you explain why this is your favorite
Q9 method? (You can skip this question if Open )
you gave the same answer above as in question
the previous questionnaire)
Multiple "Never", "One or two
Q10 | Did you use the "Help” button? P times", "A few times",
choice AT "
With (almost) every shape
Smile "Not at all”, "No",
Q11 | Did you think this function was useful? scale Y "Maybe/I don’t know",
"Yes", "Yes, very much"
gflgitclgle "Cube", "Pyramid",
Q12 | What shape was hardest to draw? (with "Sphere", "Cylinder",
. "Cone"
images)
Do you think any other shape(s) should Oven
Q13 | be added? (You may draw them if you pen -
question
want)
Do you think practice with these basic Smile "Not at all", "No",
Q14 | shapes will help you draw harder to y "Maybe/I don’t know",
Scale " non "
draw shapes? Yes", "Yes, very much
"Not at all", "No"
Do you think drawing figures was Smiley " i "
QL5 easier with the use of steps? scale Maybe/1 don’t know’,

"Yes", "Yes, very much"
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Question Response Possible answers
format
Would you rather have more Multiple ,,A 1.0 tless”, "A htﬂ? 168,,5 !
Q16 or less steps? choice This was exactly right",
ps: "A little more", "A lot more"
Do you think your ability to draw a Smile "Not at all", "No",
Q17 | certain figure increases after completing scale y "Maybe/I don’t know",
a 'step-by-step” drawing of this figure? "Yes", "Yes, very much"
.1, , . . "Not at all", "No",
Q18 Do you think 'step-by-step d?aw.mgs Smiley "Maybe,/T don’t know”,
are a good way to learn drawing in 3D? | scale o, .
Yes", "Yes, very much
. . . . . "Not at all", "No",
Q19 Do you think copying a ‘flgu.re isa Smiley "Maybe,/T don’t know”,
good way to learn drawing in 3D? scale o, ,,
Yes", "Yes, very much
Dg you think you will draw more often Multiple "No", "Maybe", "I think
Q20 | using other methods (for example on ) "o . "
. choice so", "Yes, definitely
paper) after drawing in VR?
"Much too long", "Too
21 What did you think about the length Multiple | long", "Exactly right",
of the practice sessions? choice "Too short", "Much too
short"
If you could draw in VR more Multiole "Never", "Maybe once or
Q22 | often at school, how often would you ChOng twice ever", "Every month",
want to? "Every week", "Every day"
Q23 Do you have anything else you want Open )
to tell us? question

TABLE 5.9: Translated post-questionnaire questions for group A.
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Question Response Possible answers
format
What did you think about the past Smile "Not fun at all", "Not fun",
Q1 | weeks’ Virtual Reality drawing y "Neutral", "Fun", "A lot
) scale B
sessions? of fun
. . Multiple | "To copy the figures",
?
Q2 | What did you like most? choice "Freestyle drawing"
Do you think the sessions helped you Smiley Not a’E all’, NO / 1\'/'[aybe
Q3 .. /I don’t know","Yes",
become better at drawing in VR? scale . N
Yes, very much
Q4 What do you think is the best way to Multiple | "To copy the figures",
improve at VR drawing? choice "Freestyle drawing"
What was the hardest part of drawing Open
Q5 . ) -
in VR for you? question
Would you like to get (even) better at Smiley ,,NOt a,t all’, I\J?t re:a'llly !
Q6 L. I don’t know","Yes",
drawing in VR? scale " .
Love to!
What is now your favorite method of
Q7 drawing/painting? (For example with | Open )
paint on paper, on the computer with question
Paint or in Virtual Reality)
Can you explain why this is your
Q8 favorite method? (You may skip this Open )
question if you gave the same answer question
above as in the previous questionnaire)
. . . . . "Not at all", "No", "Maybe
Q9 Do you think copying a 'f1gu‘re isa Smiley /1 don’t know", "Yes", "Yes,
good way to learn drawing in 3D? scale "
very much
DO, you think you will draw more often Multiple "No", "Maybe", "I think so"
Q10 | using other methods (for example on ) " MY "
D choice , "Yes, definitely
paper) after drawing in VR?
What did you think about the length Multiple I:Auch too 1 on% : Too long”
Q11 f the practi ions? hoi , "Exactly right", "Too short",
of the practice sessions? choice "Much too short"
. . "Never", "Maybe once or
If you could draw in VR more often at | Multiple . "o "
Q12 ) twice ever", "Every month",
school, how often would you want to? | choice " . "
Every week", "Every day
Q13 Do you have anything else you want to | Open )
tell us? question

TABLE 5.10: Translated post-questionnaire questions for group B.
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Q1 Q2 Q3 Q4 Q5 Q6
Al A lot Frees’Fyle TO copy the Yes Basic 3D shapes | Drawing uniformly
of fun | drawing | figures
A2 | Fun Freesfyle TO copy the Yes Step—by—step Picking the colors
drawing | figures assignments
I only had trouble
Alot Freestyle . Step-by-step at the start, because
A3 of fun | drawing Basic 3D shapes | Yes assignments I did not know how
anything worked
A4 | Fun Freesfyle Yes Step—by—step The café
drawing assignments
A5 | Fun Frees’Fyle Step-by-step Yes Basic 3D shapes | Drawing the fly
drawing | assignments
Maybe
A6 | Neutral Frees’Fyle TO copy the /Idon’t | Basic 3D shapes | The circle a house
drawing | figures K
now
TABLE 5.11: Translated answers on post questionnaire A, questions
1-6.
Q7 Q8 Q9 Q10 Q11 Q12 Q13 | Q14
Because you Sphere
Al | Yes PaPer and can draw A few Yes and ? Yes
paint uniforml times C
y one
/ Maybe/
A2 I'don’t Paper B.eca‘use I Never Idon’t Cone No Yes
know like it more
know
Before drawing
iﬁ;]vljli hl:;d I really like
Yes, aper tﬁe most that you can Yes,
A3 | very pap " | walk around | Never Yes Cone No very
but now I .
much . . and draw in much
definitely like 3D
drawing in VR
the most
Yes, One or
A4 | very Paint and VR two Yes Cone No Yes
much times
It is fun to
I don't decorate One or No,
A5 © In VR something two Yes Cone not Yes
know .
from the times really
inside
With
Idon’t (almost) .
A6 Know Paper every Yes Cylinder Yes
shape

TABLE 5.12: Translated answers on post questionnaire A, questions

7-14.
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Q15 Q16 Q17 Q18 Q19 Q21 Q22 Q23 Q24
A little Yes, Too Every
Al | Yes more Yes Yes Yes definitely | short week No
Maybe Ev};lss Maybe | Maybe Exactly | Ever
A2 | /Idon't No /Idon’t | /Idon’t | Maybe . y Y No
exactly right week
know . know know
right
Yes, ‘Tvk:ss Maybe | Yes, Too Ever
A3 | very /Idon’t | very Yes Maybe y No
exactly short day
much . know much
right
Maybe jv};lss Maybe Maybe Exactly | Ever
A4 | /Idon't q /Idon’t | Yes /Idon’t | Maybe oht y d Y
know XY | know know 18 ay
right
. Maybe Yes, It was
A5 | Yes Alittle /Idon’t | Yes very Maybe Exactly Every super
less right month
know much fun!!!
Alittle Yes, Too ffflibe
A6 | Yes Yes very Yes Maybe . No
more long or twice
much
ever
TABLE 5.13: Translated answers on post questionnaire A, questions
15-24.
Q1 Q2 Q3 Q4 Q5 Q6 Q7
To copy To copy Love
Bl | Fun the figures Yes the figures 3D to! Computer
B2 A lot Freestyle Yes Freestyle | Remembering VR and
of fun | drawing drawing the buttons paper
B3 | Fun Freestcyle Yes, much | To copy Copy'mg a Yes VR
drawing | better the figures | drawing
A lot Yes, much | To copy Copying the | Love
bd of fun Both better the figures | polar bear to! VR
The fact it is
3D and a lot
B5 A lot Freesjcyle Yes Io copy different from Love VR
of fun | drawing the figures . to!
drawing
normally
Freestyle | Maybe/I To copy Drawing the | Idon’t On paper
B6 | Neutral ) , . and the
drawing don’t know | the figures | farmhouse know
computer

TABLE 5.14: Translated answers on post questionnaire B, questions

1-7.
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08 Q9 Q10 Q11 Q12 | 013
Yes, very | Yes, Exactly | Every
Bl | No much definitely | right week No
VR because it is not real,
you're in another world
B2 for a little while. Paper Yes No Exactly Every | It was
because you can draw right day super fun!
everything in different
styles.
e . Exactly | Every .
B3 | Ithink it’s a pleasure Yes I thinkso | . VR is cool
right week
It was
super fun.
B4 | Because it is new to me Yes, very I think so Exactly Every I I}ope you
much right week | will come
again and
have fun
Because it is different Exactly | Every | Itwasa
B5 from normal Yes Maybe right day lot of fun
B6 Yes I think so Exactly Every No
right month

TABLE 5.15: Translated answers on post questionnaire B, questions

8-13.
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