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Abstract 

This doctoral work aims to reduce the gap in knowledge of how users utilize immersive 

3D sketching through a better understanding of what affects them while drawing in 

virtual reality. My first goal is to know more about the reasons behind the reduced 

accuracy of 3D sketches compared to 2D ones, with an eye towards potential 

differences between users with different skill levels. While previous research described 

the various challenges of immersive 3D drawing, those descriptions have focused mostly 

on identifying the reasons regarding why people draw worse in 3D than 2D. In this 

doctoral work, my goal is to understand how the perceptual and cognitive limitations of 

humans affect their behaviours when working in virtual environments. 

The second goal of this doctoral work is to develop new user interfaces that help novice 

users draw better using virtual reality. I aim to allow users to express their ideas more 

easily, through improving stroke quality and global shape likeness, without affecting their 

stroke expressiveness. The user’s stroke quality measures (locally) how close a drawn 

stroke is to an intended one and shape likeness measures how (globally) similar a drawn 

object is to the intended shape. Improving both of these qualities makes sketching a 

useful tool to share concepts and to aid the user’s memory. 

My work on these two goals resulted in four different projects. Each project was 

previously published, and I present the full text of those four studies in this cumulative 

format dissertation. The four projects include 1) a study of the effect of changing the 

viewpoint when drawing in 3D, 2) a study of the effect of the depth perception problems 

of stereo displays on hand pointing in peripersonal space, 3) a system called 

Multiplanes, and 4) a system called Smart3DGuides. In addition to these projects, I 

posed a critical reflection on the user interface requirements for immersive 3D drawing 

systems to inform the design of future interfaces. Finally, I address this dissertation to 

user interface designers and HCI and design researchers who are interested in using 

virtual reality as a new medium to sketch. 

 

Keywords:  Virtual Reality, Immersive 3D Drawing, Spatial Ability, Fitts’ Law. 
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Chapter 1.  
 
Introduction 

Sketching or drawing using paper and pencil, i.e. 2D sketching, is the human 

activity of depicting people, animals, and objects, real or imaginary, and it serves as a tool 

for both thinking and communication. A more formal definition was given by Tversky, who 

states that “sketching is a way of turning internal thoughts public, of making fleeting 

thoughts more permanent” and that “sketches are a literal model of an idea, an existence 

proof” [196]. Depending on the context, sketching and drawing can be seen as two 

different activities, as, for example, sketching can depict rough ideas, while drawing can 

define the level of detail of a final product [130]. For this thesis I use them as synonyms. 

In general, sketching is an essential element of human expression since it is an efficient 

way to convey information [197].  

 

Figure 1 A perfect cube [143], a cube with low line precision [164] and a cube with 
low shape accuracy [195]. 

However, 2D sketching is a high-skilled activity that requires years of training to be 

able to draw accurately [144,145]. The product of sketching is a sketch that consists of 

the individual strokes the user made. A stroke is a single mark made by a writing or 

marking element [130]. An accurate sketch can be measured in two ways: a) by the user’s 

stroke quality, which measures how close the drawn stroke is to the intended line, and b) 

by the shape likeness, which measures how similar the drawn object is to the intended 

shape. Figure 1 shows an example of a perfect cube [143], a cube with low line precision 
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[164] and a cube with low shape accuracy [195]. Both of these qualities enhance the 

sketch, as it can then correctly communicate an idea, but also help users visualize different 

concepts [61,102,142,182]. Drawing accurate sketches can also be affected by the user’s 

cognitive process, as previous work [42,44,127] has found that their visual memory and 

copying abilities affect drawing. More specifically that an accurate perception of the 

subject and of the drawing is important for drawing proficiency.  Finally, the user’s spatial 

ability also affects their 2D sketching abilities [64,138], as people with high spatial-ability 

draw better than people with low spatial-ability. 

The need of training and the challenges for the user’s cognitive processes increase 

when drawing 3D objects on paper, as representing 3D objects in 2D is difficult and 

requires specialized training [80,102]. Even for experienced designers, the resulting 

sketch can be highly ambiguous and difficult to interpret, as they are composed of different 

symbols, including annotations, and diagrams that represent the visual features and 

spatial relations between objects [113]. For example, a sketch of a room with its planned 

furniture placement needs to consider the position of its elements, and it needs to maintain 

appropriate proportions between them. Another specific problem with 2D sketches of 3D 

scenes is that designers need to understand the visual 2D representations of 3D objects, 

which requires strong visual intelligence and spatial skills [34]. Directly sketching in 3D 

may help address these issues, since the drawings are directly situated both visually and 

gesturally in the 3D position and shape the designers are trying to sketch  [91]. 

Thanks to the recent appearance of affordable, high-quality Virtual Reality (VR) 

Head Mounted Display (HMD) devices, such as the HTC Vive [85] and Oculus Rift [137], 

the general population can now use VR systems to create sketches of 3D objects directly, 

i.e. immersive 3D sketching. Examples of commercial software products for immersive 3D 

sketching are FreeDrawer [205], Quill [63] and Tilt Brush [70]. These systems let users 

directly draw 3D objects in a virtual environment through a straight one-to-one mapping of 

hand movements to strokes. This technique is commonly referred to as freehand drawing 

[113]. Users can also freely walk around their creations to see them from different 

perspectives. These two features have been touted as an advantage of immersive 3D 

sketching over other ways to create 3D objects, as both freehand drawing and walking are 

intuitive and easy to learn and use [198,205]. Such systems are also powerful enough that 

even experienced users are satisfied with the drawn results [167]. 
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Despite these claimed advantages, prior work shows that the resulting drawings 

are less accurate than 2D sketches [9,206]. There are various potential causes for this 

difference. One is that depth perception errors, e.g., underestimation of distances, prevent 

users with normal stereo perception abilities from realizing the desired stroke because 

they cannot see accurately (enough) where they are drawing in space – especially relative 

to other content [9,194]. No previous study has evaluated how problems with the user’s 

stereo perception ability, including those unable to see in stereo, due to problems with 

their visual system, affect 3D sketching. However, I hypothesize that stereo-blind persons 

will have more trouble drawing in VR than persons with normal stereo perception abilities, 

because they can only use some depth clues, like occlusion and size. Another reason for 

inaccuracies in 3D sketching is the higher difficulty of the task, as the additional third 

dimension could result in higher cognitive and sensorimotor demands [206]. Finally, the 

absence of a physical surface is known to affect drawing accuracy as well [9]. The difficulty 

in creating accurate 3D objects in VR can prevent immersive 3D drawing from becoming 

an integral part of the design process. Especially as designers may not be able to 

communicate their intended concept using the medium, which makes the resulting sketch 

not useful [102,182]. Another problem with inaccurate drawings is that users cannot utilize 

them to develop their ideas further or to support their memory [91]. 

My Ph.D. thesis aims to increase the science’s understanding of how users utilize 

immersive 3D sketching to address some of these challenges. One main goal is to better 

understand the reasons behind the reduced accuracy of 3D sketches compared to 2D 

ones [9]. I focus on how the different user’s skill level affects their behaviours. Building on 

the knowledge gained from work on this first issue, the second central goal of my thesis 

is to propose new tools to help novice users draw better in VR, by helping them make 

fewer mistakes when creating strokes. I focus on helping novice users improve their stroke 

quality and global shape likeness without losing stroke expressiveness. In return, my tools 

disrupt the sketching process much less. Next, I describe the structure of this thesis, the 

global research questions, and its contributions. 

1.1. The format of this dissertation 

In this document, I present the doctoral work I conducted during my studies as a 

cumulative dissertation. I present, as the core of the work, four articles previously 
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published in international top-tier peer-reviewed venues. The first two papers explore in 

depth how the perceptual and cognitive limitations of humans affect their actions when 

using virtual environments for immersive 3D sketching. The last two pieces introduce two 

user interfaces that build on the results obtained in the first articles and to enable novice 

users to draw more accurate 3D shapes and precise lines. Further, I discuss in which part 

of the design process 3D sketching may have a role (chapter 2) and examine the design 

decisions I took when developing my user interfaces (chapter 5). Finally, I conclude with 

the implications of my work for the fields of user interface design and human-computer 

interaction (chapter 8). 

1.2. Research Objectives 

My doctoral work aims at articulating and expanding our understanding of how 

people draw 3D objects in virtual environments to inform the design of user interfaces for 

immersive 3D sketching. While each section in this doctoral work followed its research 

questions at the time of their writing, my thesis concentrates on two primary research 

objectives. These goals structure the work that I conducted, and they also highlight the 

main contributions of this thesis regarding its future use for designing new user interfaces 

for immersive 3D sketching. These two main research objectives are: 

1. Research Objective 1 (RO1): Help human computer interface (HCI) 

researchers better understand the user’s behaviours while planning a 

stroke when drawing in VR. 

2. Research Objective 2 (RO2): Help user interface (UI) designers consider 

the user’s behaviours during the design of user interfaces for immersive 3D 

sketching. 

My RO1 focuses on an in-depth analysis of the different user behaviours and 

actions that users perform when drawing in VR. RO2 focuses on the application of the 

acquired knowledge to user interface design. Together, the findings from chapters 2 to 7 

allow me to address both main research questions. 
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1.3. Contributions and audience of this research 

1.3.1. Contributions of this research 

A part of the contribution of this dissertation lies in how each study in itself makes 

important additions to the HCI and UI research communities. The contributions are a) a 

study of the effect of the user’s spatial ability on 3D drawing; b) study of the effect of the 

depth perception problems of stereo displays on hand pointing in peripersonal space, less 

than 1 m away from the user; c) a user interface called Multiplanes; and d) a user interface 

called Smart3DGuide. This doctoral work also contributes two main points to the HCI and 

user interface research communities. 

The first contribution of this thesis is to identify the need to divide the stroke 

planning phase of 3D sketching into separate sub-actions to better understand the 

problems users face when drawing in VR. In chapter 2, I identify three sub-actions of the 

stroke planning phase that need to happen before the user can draw an accurate stroke. 

These stroke-planning sub-actions are viewpoint positioning, hand positioning and 

planning the hand movement direction. Then, in the first two papers, I present a detailed 

evaluation of the viewpoint and hand positioning sub-actions. In chapter 3, I discuss how 

people’s spatial abilities affect their drawing behaviours depending on the viewpoint 

orientation. And in section 4, I discuss how the stereo display deficiencies affect user 

interaction when positioning a hand in space in a VE. Together, those in-depth 

descriptions complement previous work on the causes for a lower accuracy while drawing 

in 3D than in 2D. 

The second contribution of this research focuses on creating user interfaces that 

help novice users perform better when doing the stroke planning sub-actions described in 

chapter 2. First, in chapter 5, I describe the general design decisions for my proposed user 

interfaces. Then, in the last two papers, I offer a detailed description of two user interfaces 

that focus on helping the user improve their drawing accuracy by targeting the perceived 

mistakes during planning a new stroke. In chapter 6, I present Multiplanes, a user interface 

that considers the hand positioning and movement direction planning sub-actions. 

Multiplanes also shows the importance of providing tools that help novice users plan their 

next stroke for improving user performance. In chapter 7, I present Smart3DGuides, a 

user interface that targets planning sub-actions for hand positioning in space and 
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viewpoint orientation. Smart3DGuides also shows that it is not necessary to constrain 

novice user actions with widgets or surfaces to increase the user’s drawing accuracy. My 

new user interface design opens a new direction for the design for 3D sketching interfaces, 

which previously focussed mainly on constraining user actions to help users in the stroke 

creation phase. 

1.3.2. The audience for this research 

This dissertation will interest HCI and UI design researchers in immersive 

environments who want to gain a better understanding of the challenges users face when 

drawing in 3D. This work will also help HCI researchers to understand the perceptual and 

cognitive limitations of users when working in immersive virtual environments using stereo 

displays better. Finally, this research will offer HCI researchers a new starting point by 

identifying the need to divide complex actions into simple ones and to consider the 

different stages of the stroke creation process in their user interface design. 

Also, for interaction design practitioners, this research will offer various guidelines 

for the creation of user interfaces for immersive 3D sketching. Through these detailed 

guidelines, my goal is to enable practitioners to create systems that help novice users 

overcome the challenges of drawing in VR before they encounter them in the systems 

they create. 

1.3.3. Outline of this dissertation 

Chapter 1 

In the first chapter, I present the main topic of this dissertation and offer a first 

overview of the concept of immersive 3D sketching. Further, I present the research 

objectives that structure the presentation of the following four papers on the design of 

interactive technologies for drawing in VR. This chapter frames the work presented in 

chapters 2 to 7 to help the reader see the common thread between chapters. 
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Chapter 2 

Chapter 2 Chapter 2 is a critical literature review of using 3D sketching during the 

design process. This chapter provides an overview of the advantages and disadvantages 

of 3D sketching. 

Chapter 3 

Chapter 3 presents the idea of dividing the stroke planning phase of the 3D 

sketching process into sub-actions, to make it easier to understand them. I identify three 

sub-actions of the planning phase for the 3D stroke creation process. These stroke-

planning sub-actions are viewpoint orientation, hand positioning in space, and hand 

movement direction. 

Chapter 4 

In chapter 4, I study the viewpoint orientation sub-action of immersive 3D sketching 

in depth. This chapter describes two user studies that focus on the effect of the user’s 

spatial abilities on their drawing accuracy and their behaviours when drawing. The user’s 

spatial ability plays an important role in the user’s orientation in virtual environments and 

helps them orient their viewpoint accurately before drawing. This chapter also 

demonstrates how a viewpoint control method can affect immersive 3D sketching. 

Chapter 5 

In chapter 5, I present a detailed study of the sub-action of hand positioning in 3D 

space during immersive 3D sketching. This chapter looks at how the stereo display 

deficiencies, such as the vergence-accommodation conflict, affect user interaction in a 3D 

pointing study. Similar to the hand positioning in space required to start a stroke, a 3D 

pointing experiment expects users to be accurate and fast. I mainly focus on the difference 

between movements with a change in depth, i.e., moving the hand back-forth, versus 

movements without a change in depth, i.e., moving the hand left-right. 

Chapter 6 

In chapter 6, I discuss how the knowledge gained in chapters 3 and 4 informs the 

design of two user interfaces for immersive 3D sketching. I explain the reasons behind my 

focus on the planning phase of the stroke creation process and on the conceptual stage 
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of the design process. I also discuss my interest in designing user interfaces for novice 

users. Finally, I state the general objectives of my user interface design. 

Chapter 7 

In chapter 7, I present Multiplanes, a VR drawing system that assists in the stroke 

planning phase during freehand VR drawing by helping users identify the correct visual 

depth for drawing their strokes and by helping novice users in drawing more accurate 3D 

shapes. Multiplanes also helps users during the stroke creation phase by identifying the 

drawn shape and automatically transforming the stroke to match the identified shape, i.e., 

beautification of the stroke. 

Chapter 8 

In chapter 8, I present Smart3DGuides, a set of non-constraining visual guides, 

that help novice users improve the shape-likeness and stroke precision of immersive 3D 

sketching without affecting the expressiveness of their hand movements. The visual 

guides help users to avoid errors when planning and creating a stroke. 

Chapter 9 

Finally, in chapter 9, I revisit the main research questions of this dissertation and 

how the work presented in chapters 2 – 8 addresses them. Also, I discuss topics for future 

research. 
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Chapter 2.  
 
The use of immersive 3D sketching during the design 
process 

The design process is “the complex activity of creating and evaluating 

specifications of artifacts whose form and function achieve stated objectives and satisfy 

specified constraints” [58]. Previous work has found that this process is iterative and that 

it goes from the analysis of a problem to the communication of the final product, but there 

is not a single model that adequately describes it. For example, Jin and Chuslip [95] 

explain the design process as consisting of four stages: a) analysis of the problem, idea 

generation, composing the concept and evaluating the idea. Between each step, Jin and 

Chuslip identified an iterative loop where the user continuously redefines the generated 

idea. Another model is Suwa and Purcell’s [181], which describe the design process as 

consisting of four actions: a) conceptual, b) functional, c) perceptual, and d) physical. Each 

action describes a different cognitive process, and all actions complement each other 

when designing an object.  

Designers commonly use 2D sketching for picturing objects [197], where the 

resulting draw or sketch helps designers communicate concepts [102,182], and to develop 

ideas further or to support their memory [91]. Previous work has study the role of (2D) 

sketching in the design process [156,170,197,201], and found that sketching is an 

essential part of the early phase of the design process [61,62,113], where flexibility, 

freshness, and speed are needed [5]. However, as mentioned in chapter 1, accurately 

sketching the object it is difficult [42,44,128,140], especially if the user wants to draw a 3D 

object using 2D sketching [102,167]. Some of the problems users encounter are lack of 

training on the conventions used to create 3D objects in the different disciplines 

[53,136,141], and the need to understand complex spatial relationships between objects 

and between parts of complex objects [12,33,146]. For sketching in 3D, I was not able to 

identify previous work on this area. 

One potential solution to these problems would be to use different mediums to 

present new ideas, e.g., computer-aided design (CAD) systems for 3D modelling. 

However, to this date, the conceptual design stage remains an intensive pen and paper 
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activity [5,22,86,155], because according to Prats et al. [155], in this stage “the designer 

needs flexible tools that allow for the reinterpretation of conceptual representations, and 

CAD systems have traditionally struggled to support this because of the precise and 

structured geometry through which they work.” In other words, there is an inconsistency 

between the needs of the user and the interactions afforded by some 3D CAD systems. 

In contrast, the flexibility of immersive 3D sketching makes this medium a potential better 

choice for the conceptual design stage [91,111].  

Early systems, such as 3DM [36], HoloSketch [49], or CavePainting [98], have 

already demonstrated the possibility of directly drawing in 3D via freehand drawing. An 

advantage of 3D sketching compared to traditional 3D modelling are the shorter creation 

times, as 3D modelling require users to focus on the model geometry, i.e. the creation and 

manipulation of edges, faces and vertices, in addition to the design process [59,87]. In 

opposition to this, most freehand 3D systems handle the geometrical properties of the 

strokes automatically, so users are free to focus on their hand movements. Another 

problem with traditional 3D modelling is that user creativity is limited to the shapes that a 

given system can express [199]. Sketching in 3D can also help simplify some of the 

problems of 2D sketching since the drawings are done directly in a 3D environment. 

Previous work has found that this feature can help designers [3,91]. However, the 

accuracy of freehand drawing to communicate a user’s ideas is affected by the challenges 

for stroke creation. Next, I describe these problems in more detail. 

2.1. 3D Sketching Problems 

As stated before, one issue that prevents the adoption of 3D sketching in the 

general population is that 3D stroke creation using VR devices is less accurate than 2D 

stroke creation using pen and paper [9,206]. Wiese et al. [206] investigated the learnability 

of freehand sketching in VR. They evaluated the quality of drawings based on stroke 

quality. Their coding method used four criteria: a) line straightness, b) matching of line 

pairs, c) degree of deviation, and c) corrective movements. They hypothesized that the 

difference between 2D and 3D drawing could correspond to a higher manual effort, error-

proneness, or higher cognitive demands, as the user needs to control more degrees of 

freedom during movement (3DOF positioning in space instead of 2DOF on a plane). They 

found a difference in line accuracy and completion time between 2D and 3D sketches, 
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where 2D was better than 3D. However, they were not able to identify the specific cause 

of this difference. Arora et al. [9] also found that drawing accuracy in VR decreased by 

148%, as measured through the overall mean deviation from a target stroke. One 

explanation for this difference is the lack of a physical surface, as users can only rely on 

their eye-hand coordination to control the stroke position. Arora et al. [9] also identify the 

depth perception problems associated with stereo displays, including the under-estimation 

of distances as reviewed in [158], as a likely contributor to the inaccuracy of immersive 3D 

sketching. 

The fact that there is no single factor that explains the challenges of immersive 3D 

sketching shows the need for more research in this area, as there may still exist factors 

that have not been studied. Thus, a better understanding of what affects immersive 3D 

sketching can help user interface designers develop new user interfaces that increase the 

user’s accuracy while drawing in VR. Considering this, I propose to study the different 

actions users perform while sketching in VR separately, as I believe this approach will help 

to identify and understand the cause for each user mistake and how to design systems to 

make it easier to avoid making such errors. In the next section, I describe the methodology 

I used to work on this goal. 

2.2. Users Errors during Drawing 

Previous work has studied the cause of user errors during 2D drawing. For 

example, Ostrofsky et al. [140] studied the effect of perception on drawing errors. They 

found that perceptual and drawing biases are positively correlated. In other words, an 

inaccurate perception of the drawing object causes artists to make errors while drawing. 

Chamberlain and Wagemans [42] studied the differences between the misperception of 

the object and the drawing in more depth. They conclude that delusions, i.e., errors in the 

conception of the image, have more impact on the success of drawing than illusions, i.e., 

errors in the perception of an image. They also found that individual differences in visual 

attention reliably predict drawing ability but did not find a strong effect of user motor skills. 

I did not find any work that identifies the reasons behind drawing errors in VR. I 

hypothesize that the reason behind this is that until recently most immersive 3D drawing 

systems were lab prototypes not available to the general public. 
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Chapter 3.  
 
Immersive 3D Sketching Stroke Planning Sub-
Actions 

Sketching is an iterative process as each stroke involves three different phases. First, the 

designer mentally plans a new stroke based on the current drawing, then they draw the 

stroke, and finally, the designer evaluates if the stroke fulfills its requirements [95]. 

Depending on the framework used to describe the stroke creation process, each phase 

has a different name, but here, I will refer to them as the planning, creation, and evaluation 

phases.  

In this thesis, I focus on user actions during the planning phase, where the user 

plans how to create each individual stroke and considers how the new stroke relates to 

previous ones. This planning phase may vary in terms of time depending on the level of 

detail of the final sketch and the user’s intention, i.e. spontaneous scribbles involve less 

planning than doing a realistic drawing. It also depends on the user experience, as expert 

users may rely on their experience and muscle-memory instead of taking the time to plan 

their actions. Supporting the user in this planning phase is important to enable them to 

correctly communicate their idea, as this phase is where the user plans how to draw what 

they are thinking of, including conceptualizing changes, conceiving alternatives, and 

evaluating and making choices, such as the position, starting point, direction, curvature 

and size of each stroke [64,77]. However, it is difficult to analyze the user’s actions during 

this phase, as users do many concurrent actions while drawing [96], i.e. focus on aesthetic 

decisions about their sketch and on mechanical decisions regarding their arm movements. 

Also, users may focus more on how a stroke will affect the shape of their sketch, rather 

than on how they need to position their arm in space. Finally, user’s decisions may be 

unconscious, i.e. how they size an object or in which direction to move their hand. The 

user actions during the stroke creation phase focus on how users execute their planned 

arm movement [167]. And the user actions in the evaluating phase focus on how the user 

transform sketches by editing, substituting, adding and deleting elements [155]. The study 

of the user actions of these phases is outside the scope of this thesis. 
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To gain a better understanding of the user’s actions during the planning phase, I 

extend Suwa et al.’s [181] definitions of physical actions from their design-thinking 

framework to describe better the process of planning a stroke. Previous work has shown 

that this approach provides a good insight into the cognitive thinking process during 

sketching [45,97,129,184]. Based on Suwa et al.’s work [181], I identify three necessary 

sub-actions for planning a stroke in VR. I call these 3D sketching stroke planning sub-

actions, and they are:  

1. Choosing a good viewpoint and view direction in 3D space: This stroke 

planning sub-action helps users position their view inside the VE to enable 

them to draw a precise stroke. It requires users to identify the spatial 

relationship between objects correctly [12]. For 3D environments, the 

correct identification of a 3D object is view dependent [186,211] especially 

if the user is focusing in other task [192]. This makes this planning sub-

action dependent on the user’s spatial ability [28,64,138]. Based on this, I 

assume that a good viewpoint depends on the distance to the shape and 

the angle between the viewpoint and the drawn surface. This is an 

extension of Schmidt et al.’s [167] work, where he found that for 3D curves 

creation in 2D the drawing viewpoint affect accuracy. 

2. Positioning the drawing tool to start the stroke in 3D: This planning 

sub-action helps users to position a stroke in space accurately and is a task 

required for high-quality sketches [206], e.g., match strokes to previous 

content. This planning sub-action requires users to perceive their hand 

position in space correctly, and it can be affected by depth perception in 

stereo displays [116,158] and the lack of a physical surface [9]. 

3. Planning hand movement for correct direction and length of the 

stroke: This planning sub-action requires users to plan their hand 

movement in the correct direction, which is needed to avoid corrective 

movements and changes in the drawing axis [206]. It poses a high demand 

on the user’s distance perception [101,158] and spatial abilities 

[28,64,138]. 
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From the three planning sub-actions I investigated, I decided to investigate the 

choosing a good viewpoint planning sub-action because one main feature of 3D sketching 

is that users are free to walk around their sketches. No previous work has studied how 

people move when drawing in VR and what the effect of the user viewpoint change on 

drawing accuracy is. I also decided to study the positioning the hand in space planning 

sub-action, because virtual hand pointing is considered an easy to use interaction as it 

mimics real-world object selection. No previous work has studied the effect of the stereo 

display deficiencies on virtual-hand interaction in peripersonal space, less than 1 m away 

from the user. Finally, I did not study the third planning sub-action separately, because it 

can be considered an extension of the virtual hand pointing task, I studied for the planning 

sub-action 2. Next, I explain what each planning sub-action involves and discuss the 3D 

sketching sub-actions. 

3.1. Investigated Planning Sub-Actions 

3.1.1. Viewpoint orientation 

For the user, an advantage of immersive 

3D drawing tools over other 3D CAD tools is the 

ability to freely walk around their creations to see 

them from different perspectives. But, when the 

user changes their viewpoint, the shape likeness of 

the resulting sketch may be affected by the 

disorientation caused by low spatial updating 

[159,191], which is the ability to create and update a mental model of the environment. 

These problems make immersive 3D drawing a task with a high demand on the 

user’s cognition and spatial abilities, as previous work has found that individuals utilize all 

elements of their spatial ability [28,138,165] and their spatial memory of the scene [172] 

while drawing. For example, to position a stroke in the 3D environment, users need to 

consider the spatial relationships between objects while drawing [12]. A user’s spatial 

ability consists of three elements: a) spatial visualization, the mental ability to manipulate 

2D and 3D figures, b) spatial orientation, the ability to rotate mental representation of 2D 

and 3D objects, and c) spatial perception, the ability to be aware of the person’s 

Chapter 3 

Barrera Machuca, M.D., Stuerzlinger, 

W., and Asente P. (2019) The Effect of 

Spatial Ability on Immersive 3D 

Drawing, ACM Creativity & Cognition 

2019, 14 pages 
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relationship with the environment and the objects within it [119,204]. A person’s spatial 

ability is dependent on many factors, such as their training [55,165] and their gender [119]. 

However, the effect of the user’s spatial ability on the final 3D sketch is still not well 

understood. Based on this, I decided to study the user behaviours while drawing, 

examining the effects of their spatial ability on the sketches they produced. I also study 

how the final sketch is affected by different viewpoint change methods, which may 

influence the user’s spatial updating. 

3.1.2. Hand Position in Space 

The human visual system bases depth 

perception on pictorial and nonpictorial cues [47]. 

Examples of pictorial depth cues are occlusion, 

and relative size [47]. On the other hand, 

nonpictorial depth cues do not depend on the 

shapes in the scene [158]. For distances less than 

2 meters nonpictorial depth perception is based on 

stereopsis, motion parallax, (con)vergence, and accommodation [31,56,148,158]. 

Vergence is the simultaneous (inwards & outwards) rotational movement of the eyes when 

there is a change of the target distance, while accommodation is the change in the (eye) 

lens curvature to focus on objects at various distances [158]. Stereopsis is the perception 

of depth based on retinal disparity, i.e., the horizontal distance of the image seen by each 

eye [148]. Motion parallax is a continuous sampling of two-dimensional perspectives in 

the form of relative motions that support depth perception [56]. 

For real targets, the human visual system couples vergence and accommodation. 

However, in stereo display systems the eyes need to focus on the display, which is at a 

fixed distance, whereas they need to (con)verge to different distances to correctly perceive 

the stereoscopic effect. Swan et al. [183] examined how humans perceive and estimate 

target depth for virtual and physical targets, and found that users overestimate distances 

using an augmented reality (AR) stereo display. They attributed this to the outward rotation 

of the eyes’ vergence angle. The specific distance cues that cause this effect have not 

been identified [117].  

Chapter 4 

Barrera Machuca, and M.D., 

Stuerzlinger, W. (2019) The Effect of 

Stereo Display Deficiencies on 

Virtual Hand Pointing, ACM CHI 2019, 

Paper No. 207, 14 pages 
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For immersive 3D drawing, Arora et al. [9] found that depth perception problems 

affect immersive 3D sketching. They found that users had trouble when matching two 

strokes together or when creating straight lines, because they did not identify that their 

arm moved in depth when creating the stroke. Tramper and Gielen [194] also investigated 

the differences between eye-hand coordination in the frontal plane with right – left 

movements, and the depth plane, with back - forward movements, while doing tracking 

and tracing tasks. They found differences in the coordination of gaze and finger position 

between frontal and depth planes. For example, for tracking, gaze leads finger position in 

the frontal plane but lags behind the finger in the depth plane. Based on these results, 

they concluded that the different lead times reflect differences in the dynamics of 

visuomotor control for version, both eyes move in the same direction [124], and vergence, 

both eyes move in opposite directions, i.e., inwards or outwards [124]. 

Despite these challenges, the ability to move the hand freely with six degrees of 

freedom is an advantage of immersive 3D drawing tools over other 3D creation tools. 

Therefore, I decided to investigate which potential reasons were responsible for the effect 

of depth on drawing found by Arora et al. [9]. Specifically, I study the differences between 

movements with a change in depth and those without and how this difference affects 

interaction in a 3D pointing task. 
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Chapter 4.  
 
Viewpoint Orientation 

In this chapter, I present a study of the effect of the user’s spatial ability on 

immersive 3D sketching. My goal was to observe the user’s behaviours while drawing and 

to identify potential causes for the lower accuracy of 3D sketching compared to 2D 

sketching, which was postulated by Wiese et al. [206] and Arora et al. [9]. As stated in 

chapter 3, the user’s spatial abilities are related to the 3D sketching planning sub-action 

choosing a good viewpoint and view direction in 3D space, as they allow users to orient 

themselves in space [105] and to understand the relationships between the drawn strokes 

[12].  

I published this study in the paper “The Effect of Spatial Ability on Immersive 

3D Drawing” [17], presented at ACM Creativity & Cognition in 2019. I co-authored this 

paper with Wolfgang Stuerzlinger and Paul Asente. 

Contributions: As the main contributor to this paper, I was responsible for the 

conceptualization and implementation of the system and the experimental setup. I was 

also responsible for conducting the experiments, collecting and analyzing the data as well 

as planning and writing the first draft. The development of the methodology, planning and 

execution were done collectively with Prof. Stuerzlinger and Dr. Asente. They were also 

supervising and reviewing the paper. 

4.1. Research design 

For 2D sketching, Orde [138] found that people with higher spatial skills are more 

capable of converting an abstract mental picture into a real product and that the higher 

their spatial skills are, the more sophisticated their representation is, i.e., includes more 

details or follows correct perspective. Samsudin et al. [165] also found that users with high 

spatial orientation can better conceptualize the world around them and thus can better 

solve orthographic drawing tasks. For 3D content creation, Branoff and Dobelis [28] found 

a relationship between the student’s spatial abilities and their final scores in a university 

modelling course. However, no previous work analyzes how the user’s spatial abilities 
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affect immersive 3D drawing. Considering this, I performed two user studies to understand 

the effect of the user’s spatial ability on their 3D drawings. I also aimed to evaluate the 

effect of moving while drawing a single 3D object in VR. The research question and 

hypotheses are:  

RQ1: How does the user’s spatial ability affect immersive 3D drawing? Israel et al. 

[91] showed that users expect that directly drawing in an immersive 3D environment will 

improve their spatial thinking, explicitly improving their ability to draw 3D objects that have 

proper proportions relative to the user’s bodies compared to 2D sketching. However, 

understanding the spatial relationships between objects heavily relies on the user’s spatial 

ability [12] and no previous work has analyzed how the user’s spatial abilities affect 

immersive 3D drawing. 

H1: The user’s spatial ability affects the quality of their final drawing. Based on 

previous results on 2D sketching [138] and 3D modelling [28,55], I expect that users with 

higher spatial abilities will draw better than those with lower abilities in immersive 3D 

sketching. 

H2: The user’s spatial ability affects the way they draw in 3D. Two critical elements 

of spatial ability are spatial orientation and spatial visualization, both of which are distinct 

abilities and affect the way the user understands 3D environment [79,108,153]. Based on 

this relationship, I expect that users with high-spatial-ability utilize different drawing 

behaviours than low-spatial-ability users. I thus study two different behaviours that are 

related to the way the user moves when sketching and those related to their eye-hand 

coordination. 

H3: The higher cognitive load of walking affects 3D drawing. Previous work has 

found that users’ spatial abilities influence their performance differently when comparing 

walking and standing during a data analysis task [109]. Similar to 3D drawing, data 

analysis is also a visually demanding task [109]. Consequently, I expect that the drawing 

accuracy of users changes when they walk to change their viewpoint as they draw. 

In the first user study, participants drew different 3D shapes while either standing 

in one place or while walking around the drawing. In the second study, participants used 

two-hand-based camera control methods to change their viewpoint. The within-subjects 
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independent variables were movement type and shape, and the between-subjects 

independent variable was spatial ability. 

4.2. Findings 

In this paper, I established a baseline for user accuracy during freehand immersive 

3D drawing, depending on the user’s spatial ability. I gathered four main insights that are 

central to how user’s draw in VR and which I use later in the thesis to further guide my 

user interface design. 

• I found that the participant’s spatial ability has a significant impact on the final 

drawing and that high-spatial-ability users achieve better shape-likeness 

scores than low-spatial-ability users. 

• When analyzing the participants drawing behaviours, I identified that the 

participant’s movement while drawing and the benefits of different movement 

patterns depended on the participant’s spatial ability. I found that more high-

spatial-ability participants walked in a circular shape around their drawings and 

did more “rocking”, side to side, movements while drawing. Participant that 

presented these patterns got better scores than participants without them, 

regardless their spatial ability. 

• I found that moving around the drawing helped users achieve better stroke 

quality compared to standing for both low and high spatial ability participants. 

At the same time, I discovered that drawing-likeness is not affected by 

walking during the creation of the drawing. 

• Finally, I found that using hand-based viewpoint control methods, where the 

participant moved the sketch, affect the drawing negatively when compared 

with walking, where participants moved around the sketch. 
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4.3. Paper: The Effect of Spatial Ability on Immersive 3D 
Drawing 

 

Figure 2 3D drawings made by high and low spatial ability participants while 
walking in study 1. 

4.3.1. Authors 

Mayra Donaji Barrera Machuca, Wolfgang Stuerzlinger, Paul Asente. 

4.3.2. Abstract 

Virtual Reality (VR) headsets have made immersive 3D drawing available to the 

general public. However, compared to 2D drawing, the presence of an additional 

dimension makes sketching in VR challenging, since creating precise strokes that are 

positioned as intended in all three dimensions imposes higher demands on the users’ 

perception, motor and spatial skills. Another challenge users face is creating accurate 

shapes in which strokes are positioned correctly relative to previous ones, as they may 

need to use different views to plan their next hand movement. In this paper, we analyze 

the behaviours of users with different spatial abilities while drawing in VR. Our results 

indicate that there are different types of behaviours that affect different aspects of the 

sketches. We also found that the user’s spatial ability affects the shape of the drawing, 

but not the line precision. Finally, we give recommendations for designing 3D drawing 

interfaces. 
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4.3.3. Author Keywords 

Virtual Reality; 3D Sketching; Spatial Cognition 

4.3.4. CSS Concepts 

• Human centered computing Virtual reality • Human centered computing User 

studies 

4.3.5. Introduction 

Drawing is an important element of human expression since it is an efficient way 

to convey information and to start the design process [197]. Recently, with the availability 

of affordable, high-quality Virtual Reality (VR) devices like the HTC Vive [85] and Oculus 

Rift [137], there has been a boom in the development of commercial tools for immersive 

3D drawing, including Tilt Brush [70] and Quill [63]. These tools let users directly draw 3D 

objects in a virtual environment (VE) using freehand drawing. Users can also freely walk 

around their creations to see them from different perspectives. These two features have 

been touted as an advantage of 3D drawing tools for VR over other 3D object creation 

tools, as both, freehand drawing and walking are intuitive and easy to learn and use 

[198,205]. Despite these claimed advantages, prior work shows that the resulting drawings 

are less accurate than 2D sketches [9,206]. There are various possible explanations for 

this difference, including, but not limited to, depth perception errors [9,194], higher 

cognitive and sensorimotor demands [206], and the absence of a physical surface [9]. One 

problem with this lack of accuracy is that it hurts the creative process since the sketch may 

not match the user intention. 

This paper investigates users’ behaviours during the stroke planning phase [95] 

while drawing in VR dependent on their spatial ability. Previous work has already shown 

that spatial ability influences 3D modelling in CAD programs [28,55] and on 2D drawings 

[138]. However, no other work has studied the effect of the user’s spatial ability on 3D 

immersive drawing and how it affects the final sketch. Through understanding users’ 

behaviours during the stroke planning phase, our work extends previous work that 

analyzes the stroke creation process [9,206]. In our first study, we investigate how 

participants create 3D sketches using freehand drawing while standing or walking. We 
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found that the shape likeness of the drawing is affected by the user’s spatial ability, but 

not the line precision, with sketches drawn by high-spatial-ability participants being more 

like the target shapes than sketches drawn by low-spatial-ability participants (Figure 2). 

We found no difference between standing and walking, but when only consider walking 

the high-spatial-ability user’s movement was more systematic than the low-spatial-ability 

user’s movement. This difference affects their shape likeness. In our second experiment, 

we further investigate the effect of viewpoint change on the stroke planning phase. We 

found that, when walking, the participant’s shape likeness and line precision was better 

than when using hand-based view control. We also found that choosing the correct 

viewpoint to draw had a positive effect on the final sketch. 

4.3.6. Related Work 

Challenges of 3D Drawing 

3D stroke creation using VR devices is less accurate than 2D stroke creation using 

pen and paper [9,206]. For example, Wiese et al. [206] found a difference in line precision 

and completion time between 2D and 3D sketches. They found that 3D drawing requires 

higher manual effort and imposes higher cognitive and sensorimotor demands than 2D 

drawing. This is a consequence of the need to control more degrees of freedom during 

movement (6DOF instead of 2DOF). Arora et al. [9] also found that users’ shape likeness 

for VR decreased by 148%, using the metric of overall mean deviation from a target stroke. 

One possible explanation for this difference is the lack of a physical surface, since it forces 

users to rely only on their eye-hand coordination to control the stroke position. However, 

previous work by Tramper and Gielen [194] on eye-hand coordination has found a 

difference in the dynamics of visuomotor control for version and vergence. In this context, 

we understand version as coupled eye movements in the same lateral/vertical direction, 

and vergence as independent eye movements in opposite directions for depth 

accommodation. Arora et al. [9] also identify the depth perception problems associated 

with stereo displays as a likely reason for the inaccuracy of 3D immersive drawing. Such 

problems include the under-estimation of distances [158] and the targeting accuracy 

differences between movements in the vergence and the version direction [16,20]. 

Another factor affecting 3D drawing is the correct positioning of a stroke in the 3D 

scene, as the user needs to consider the spatial relationships between objects while 
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drawing [12]. This task relies on the user’s spatial ability [28,64], which consists of three 

elements: a) spatial visualization, the mental ability to manipulate 2D and 3D figures, b) 

spatial orientation, the ability to rotate mental representations of 2D and 3D objects, and 

c) spatial perception, the ability to be aware of one’s relationship with the environment. A 

person’s spatial ability is dependent on many factors, such as training [55,165]. Previous 

work has found that individuals utilize all elements of their spatial ability [28,138,165] and 

their spatial memory of the scene [172] while drawing. For example, Orde [138] found that 

people with more developed spatial skills are more capable of converting an abstract 

mental picture into a concrete product and that the higher their spatial skills are, the more 

sophisticated their representation is. Samsudin et al. [165] also found that users with high 

spatial orientation can better conceptualize the world around them and thus can better 

solve orthographic drawing tasks. For 3D content creation, Branoff and Dobelis [28] found 

a relationship between the students’ spatial abilities and their final scores in a university 

modelling course, and showed that students with high spatial ability got better scores on 

their 3D modelling test than low spatial ability students. 

3D Drawing Tools 

Creating a user interface that lets users accurately draw in a 3D virtual 

environment has been an open area of research for decades. Earlier systems such as 

HoloSketch [49] or CavePainting [98], showed the possibilities of directly drawing in 3D 

by using a straight one-to-one mapping of body movements to strokes. This technique, 

called freehand drawing, is easy to learn and use [205] and is the basis of most current 

commercial systems like FreeDrawer [205], Quill [63] and Tilt Brush [70]. However, the 

accuracy of freehand drawing is reduced by the stroke creation challenges presented 

above. Previously proposed user interfaces for immersive 3D drawing have tried to 

increase the user’s line precision during the stroke creation process. Some tools like Lift-

Off [93] and Drawing on Air [99] use novel metaphors to constrain the stroke creation 

process by reducing the demands on the user’s visuomotor skills. Other tools reduce the 

user manual effort by beautifying strokes, i.e. Fiorentino et al. [65] and Multiplanes [18]. 

Beautification is the process of transforming informal and ambiguous freehand input to 

more formal and structured representations [133]. There are also tools that let users draw 

on a plane to reduce the effect of depth perception errors in stereo display systems. These 

include Digital Tape Drawing [76], ImmersiveFiberMesh [149], Multiplanes [18], and 

SymbiosisSketch [10]. 
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Immersive 3D drawing tools also let users easily change their viewpoint 

[10,18,63,70] by walking around their drawing. This characteristic is important since 

viewing a 3D object from multiple viewpoints helps users create a mental model of the 

object they are drawing [163,187]. Some tools let users employ the grab the air interaction 

technique [162], or a variation of it, to further manipulate their drawings. For example, 

ImmersiveFiberMesh [149] and Digital Tape Drawing [76] use two-hand pan and zoom 

interaction, in which hand movement direction specifies the camera movement. Lift-Off 

[93] lets users grab the drawing with their non-dominant hand and reorient it by moving 

that hand. Previous work has studied the effect of changing the viewpoint on 3D CADs 

and found that it may lead to disorientation and frustration and suggested the use of 

widgets to help users [69,103]. However, no previous work has studied this effect on 3D 

immersive drawing. 

4.3.7. Motivation 

In this paper, we aim to identify the user behaviours during the stroke-planning 

phase while drawing in VR depending on their spatial ability. We focus on the stroke-

planning phase since in this stage users mentally plan the next stroke based on the current 

drawing [95], choosing the viewpoint and the hand position from where to draw the new 

stroke. When selecting the viewpoint, the user shape likeness may be affected by the 

disorientation caused by low spatial updating [159,191], which is the ability to create and 

update a mental model of the environment. This problem can be enhanced by the method 

used to control the view [26,198]. When choosing the correct hand position, the user 

shape likeness and line precision may be affected by their depth perception [101], which 

depends on the display type [16,20], and each individuals’ vision system [81]. We also aim 

to quantify the effect of the user’s spatial ability on their final 3D drawings. Understanding 

the effect of the spatial ability is important because planning the next stroke relies on the 

understanding of the correct relationships between the elements inside the 3D virtual 

environment, which heavily depends on the user’s spatial ability [43]. 

Previously proposed user interfaces for 3D immersive drawing have focused on 

helping users create precise lines by solving the challenges of the stroke creation process. 

However, few tools have focused on solving the challenges of the stroke-planning phase, 

which is less understood. Helping users plan their next stroke is important: Israel et al. 
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[91] showed that users expect that directly drawing in an immersive 3D environment will 

improve their spatial thinking, specifically improving their ability to draw 3D objects that 

have proper proportions relative to the user’s bodies. Our final goal is to identify 

opportunities to develop better user interfaces for immersive 3D drawing based on the 

behavioural differences between spatial ability groups. 

Effect of spatial ability on immersive 3D drawing. 

No previous work analyzes how the user’s spatial abilities affect immersive 3D 

drawing. However, based on previous results on 2D drawing [138] and 3D modelling 

[28,55], we hypothesize (H1) that a user’s spatial ability affects the shape likeness of the 

final drawing. We expect that users with higher spatial abilities will draw shapes that are 

more similar to the example than those with lower abilities. 

Effect of viewpoint change while 3D drawing. 

Previous work has found that when comparing walking and standing while doing a 

data analysis task [109], users’ spatial abilities influence their performance. Similar to 3D 

drawing, data analysis is also a visually-demanding 3D task [109]. Based on this, we 

hypothesize (H2) that a user’s line precision and shape likeness diminish when they 

change their viewpoint while drawing. We expect that when drawing while standing the 

user’s line precision and shape likeness will be higher than when they walk while drawing. 

Effect of the user’s behavioral differences based upon their spatial ability. 

Two important elements of spatial ability are spatial orientation and spatial 

visualization, both of which are distinct abilities and affect the way the user understands 

the 3D environment [79,108,153]. Based on this relationship we hypothesize (H3) that a 

user’s spatial ability affects drawing behaviors in 3D regarding their hand position in 

space, viewpoint orientation and hand movement direction. We expect that high-spatial-

ability users draw differently than low-spatial-ability users. 

4.3.8. User Study 1 

This study aims to establish a baseline for freehand 3D immersive drawing 

depending on the user’s spatial ability. It also evaluates the differences between staying 

in the same position and walking while drawing a single 3D object in VR.  
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Methodology  

Participants  

We recruited 12 participants from the university community (7 female). 10 of 

participants were between 18-24 years old and 2 between 25-34 years old. Only one 

participant was left-handed. The participants’ frequency of drawing with pen and paper 

was, 1 drawing every day, 5 a few times a week, 1 once a week, 4 a few times a month, 

and 1 once a month. For drawing in VR, 8 of our participants had never drawn in VR 

before, 2 had drawn 2-4 times, and 2 had drawn between 5-9 times. 

 

Figure 3 a) Physical experimental setup with walking area. b) 3D environment of 
the experiment. 

Apparatus 

We used a 3.60 GHz PC with Windows and a NVidia GTX1080 Ti to run the 

experiment. We used an HTC Vive Gen 1 with a TPCast wireless transmitter and two 

standard HTC Vive Controllers. In the condition that allowed participants to walk, they 

were provided with a circular walking area with 4 m diameter free of any obstacles (Figure 

3a). The 3D scene was displayed in Unity3D and consisted of open space with no spatial 

references (Figure 3b). Users used their dominant hand to draw the strokes and their non-

dominant hand to specify the start and end of each trial. The drawing system provided 

only basic stroke creation features, with no additional features like colour, stroke width, or 

stroke deletion, to avoid distracting users. In the top left corner of the headset display, a 

message reminded users whether they should stand or walk around while drawing. In front 

of the participant, there was an image with the current object to draw. This image 
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disappeared while participants were drawing a stroke to avoid tracing movements, which 

are different from drawing movements [71]. 

Procedure 

First, participants were asked to complete two cognitive tests to measure their 

spatial ability: the vz-2 paper folding test [60] and the perspective taking / spatial 

orientation test [108]. Based on the participant’s scores in both tests, we used previous 

work in the area [109] to separate our participants into two groups, low-spatial-ability (LSA) 

and high-spatial-ability (HSA). Participants then answered a questionnaire about their 

demographics. Subsequently, the researcher instructed participants in the task and 

explained and demonstrated which movements were allowed in the walking and standing 

conditions. In the standing condition, participants were not permitted to move their feet to 

physically move to a different place. The walking condition had no restrictions on 

movement and participants were encouraged to walk and move around while drawing. We 

also instructed participants to draw only the outline of the model and to keep the drawing’s 

size similar to the reference object. We told participants that we were not evaluating their 

drawing ability or their ability to recall an object, but that they should try to draw the object 

as accurately as possible without adding extra features. Finally, after receiving the general 

instructions, participants were trained on how to use the system. 

At the beginning of each trial, participants saw 2D renderings of the 3D model they 

were going to draw on a sheet of paper. The views were from the front, top, side, and in 

perspective (Figure 4). During this phase, participants could ask questions about the 

camera position for each view. Once participants felt comfortable with the object, they 

walked to the marked position inside the circle (Figure 3a) and put the headset on. Then 

they pressed the non-dominant hand touchpad to start the trial and pressed that touchpad 

again when they finished their drawing. Each participant had a maximum of ten minutes 

to finish a trial. Between each drawing, participants rested for two minutes. Each 

participant did seven drawings in total, one for training and six for the study. Of the three 

shapes used, two were similar to the objects used in a Shepard and Metzler mental 

rotation test [173], and one had curved segments since curves are integral for the design 

process [9]. We chose geometrical shapes based on their complexity and to ensure that 

participants were drawing the shape they were seeing and not relying on previous 

knowledge about a given object. In addition, using geometric shapes allowed easier 
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measurement and error quantification. After finishing all the drawings, the participants 

answered a questionnaire about their experience. Each session lasted between 40-60 

minutes, including the time for the spatial ability tests. 

 

Figure 4 Target shapes to be drawn by participants. 

Design 

The study used a 2x3x2 mixed design. The within-subjects independent variables 

were movement type (walking vs. standing) and shape (1, 2, and 3). The between-subjects 

independent variable was spatial ability (low vs. high). In total, we collected 72 drawings, 

6 for each participant. There were the same number of participants in both ability groups, 

so our design was balanced between factors. The order of conditions for both within-

subject dimensions was counter-balanced across participants using a Latin-Square 

design. The collected measures were drawing time, total time, images of the 3D drawings, 

the stroke objects created in Unity3D, and the participant's head and hand position at 

every point in time. We also recorded video of the participants and created screen videos 

of the participants’ views while drawing. 

Results 

After collecting the drawings, we investigated several characteristics of the 

drawings and the drawing process to see how they were distributed, what their effect was, 

whether there was a correlation with spatial ability, and how they interacted. The measures 

were: total and drawing time, line precision, and shape likeness. We also analyzed the 

video capture and screen recordings to identify the different 3D drawing behaviors and 

verified that all the participants followed our instructions for the walking and standing 

conditions. 
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Figure 5 Drawings done by participants. 

The results were analyzed using repeated measures ANOVA with α = 0.05. As the 

data for line straightness, match line, corrective movement, and total time was not 

normally distributed, we used an Aligned Rank Transform (ART) [58] before the ANOVA. 

All the other data was normally distributed. Statistical results are reported in Table 1, 

where “***” marks results with p < 0.001, “**” for p < 0.01, “*” for p < 0.05, “M.S.” for 

marginally significant, and “N.S.” for not significant. 

Total Time: Total time is the time participants spent drawing, which includes 

creating strokes, walking, and planning the next stroke. There was a significant main effect 

of movement type on total time (F1, 10 = 53.2, p = 0.0001). Cohen’s d = 0.6 identifies a 

large effect size. Overall, participants spent a significantly longer time drawing in the 

walking condition than in the standing condition (Figure 6.1). There was no significant 

main effect between spatial ability groups for total time. 

Drawing Time: Drawing time is the time participants spent creating strokes. There 

was a significant main effect of movement type on drawing time (F1, 10 = 6.3, p = 0.03). 

Cohen’s d = 0.35 identifies a medium effect size. Drawing times for the walking condition 

were significantly longer than for the standing condition (Figure 6.2). There was no 

significant main effect between spatial ability groups for drawing time. 
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Table 1 User study 1statistical results. Green color shows significant difference. 

 

Line precision: We coded each drawing using the method from Wiese et al. [206] 

to evaluate the quality of the strokes. This coding method uses four categories: line 

straightness, matching of line pairs, degree of deviation, and corrective movements. 

Drawings were given a score between 3 (very good) and 0 (very poor). The sum of all the 

scores is called line precision. There was a significant main effect of movement type on 

line straightness (F1, 10 = 29.3, p = 0.0003), but not of spatial ability. Cohen’s d = 0.76 

identifies a large effect size. Overall, line straightness for the walking condition was better 

than for the standing condition (Figure 6.3). For the rest of the values, there was no 

significant main effect between movement types and spatial ability groups (Table 1). 

Shape likeness: We subjectively compared the similarity of the sketch to the 3D 

model following the Cohen and Bennett [44] definition of shape likeness, which attempts 

to remove aesthetics from the evaluation. To do so we used a variant of the card-sort 

method. The scoring was done inside a virtual environment using the Unity3D strokes 

created by the users and the 3D model as an example. First, we standardized the 

sketches’ sizes by scaling the drawings to the same height while keeping the same 

proportions. We also rotated the drawings to match the top two corners of the 3D model 

used to create the target image (Figure 5). Then, each drawing was given a qualitative 

score between 10 (very good) and 1 (very poor) based on the proportions of the 3D 

drawing compared to the 3D model, the deviation of each feature from the 3D model’s 
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features, and the presence/absence of shape features, i.e., missing elements, extra 

elements, and rotating elements. Each drawing was first scored by comparing to the other 

drawings by the same participant. Then we compared each individual drawing to drawings 

with similar scores and standardized the scores across the users. Similar subjective 

shape-likeness scoring methods have been used by Tchalenk [188] and Chamberlain [41]. 

There was a significant main effect of spatial ability on shape likeness (F1, 10 = 13.5, p = 

0.004). Cohen’s d = 0.9 identifies a large effect size. Shape likeness for the HSA 

participants was significantly higher than for the LSA participants (Figure 6.4). 

 

Figure 6 Experiment 1 results, 1) total time, 2) drawing time, 3) line straightness, 4) 
shape likeness, and 5-12) drawing behaviors. 

3D drawing behaviours: We identified differences in the way a user creates the 

strokes and how they move while drawing. For this, we only evaluated the drawings made 

in the walking condition, as this condition is the one that mimics a real immersive 3D 

drawing tool. All participants moved in this condition. As looking only at this condition 

removes half of our data, we re-analyzed the line-precision and shape-likeness scores to 

see if the same effects occur as with the full data. The user’s spatial ability has a 

statistically significant effect on shape likeness (F1, 34 = 11.45, p = 0.0001), as HSA shape-

likeness scores were higher than LSA shape-likeness scores. Cohen’s d = 0.7 identifies a 

large effect size. There is also a statistically significant effect on line precision (F1, 34 = 

10.58, p = 0.002), with HSA line precision being higher than LSA line precision. Cohen’s 

d = 0.4 identifies a large effect size. We discuss this difference below. 
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Figure 7 Allegory movement paths for standing position from a top view. Green 
areas are the user standing positions, red-to-blue gradient dots 
represent the participant’s movement. 

Standing positions while drawing: We identified the different positions where the 

participants stood while drawing to identify the number of viewpoints from which they saw 

their drawing. To get this data, we created heat maps of the participants’ head positions 

while drawing. In the heat maps, each head position had a weight of 0.1 pts and a circular 

area of 10 cm radius; see Figure 7. From these heat maps, we identified three different 

types of patterns: two view positions, circular movement paths, and semi-circular 

movement paths. The two-view pattern was used only by two HSA participants for shape 

1, so we removed this pattern from the following analysis. For the remaining 34 drawings, 

19 follow a circular movement path (Figure 7a), and 15 follow a semi-circular path (Figure 

7b). 

When analyzing the movement patterns, we found a statistically significant effect 

on shape-likeness scores between HSA and LSA participants (F1, 34 = 11.7, p = 0.0001). 

Cohen’s d = 0.29 identifies a medium effect size. Overall, HSA participants got better 

shape-likeness scores than LSA participants for both movement types (Figure 6.6). There 

is also a marginally significant effect on shape likeness between the participant’s spatial 

ability and movement type (F1, 34 = 2.92, p = 0.09). Both participant groups achieved better 

shape-likeness scores when using the circular pattern than the half-circle pattern, but in 
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both conditions’ HSA shape-likeness scores were higher. Finally, there is a marginally 

significant effect on line-precision scores between HSA and LSA participants (F1, 34 = 3.68, 

p = 0.06). HSA participants have better line precision than LSA participants (Figure 6.5). 

Movement paths: We analyzed the participant’s head position over time to see how 

the participants moved while drawing. To get this data, we first identified head positions 

that were at least 30 cm from the previous position to eliminate head movements without 

walking. Then we used a red-to-blue gradient to visualize which positions were used first 

and which last (Figure 7). Shades of red represented the first positions and blue the last. 

We found that some participants orbit around part of their drawing before moving to 

another part, and we called this behaviour rocking movement. There is a statistically 

significant in the number of rocking movements between HSA and LSA participants (F1, 34 

= 11.45, p = 0.0001). Cohen’s d = 0.59 identifies a large effect size. HSA participants did 

more rocking movements than LSA participants (Figure 6.7). 

We also analyzed the shape-likeness and line-precision results between 

participants that used rocking and those that did not. There is a statistically significant 

effect on the shape-likeness scores between participant that rocked and those that not (F1, 

30 = 11.6, p = 0.002). Cohen’s d = 0.57 identifies a large effect size. Participants that used 

rocking achieved better shape-likeness scores than those participants that did not (Figure 

6.9). There is also a statistically significant effect on line precision between participant that 

rocked and those that not (F1, 30 = 10.58, p = 0.002). Cohen’s d = 0.55 identifies a large 

effect size. Here, participants that used rocking got better line-precision scores than those 

participants that did not (Figure 6.8). However, we did not find a difference in terms of line 

precision or shape likeness based on the participant’s spatial ability, nor an interaction 

between spatial ability and rocking. 

Hand starting position: We analyzed the hand’s starting position for each stroke to 

identify whether the users’ spatial ability affected their arm movement relative to their head 

position. To get this data, we manually tagged the screen capture of the session and 

recorded the percentage of strokes that were part of different groups. We found two 

different types of hand starting position, middle and side. For a hand-starting-position in 

the middle, participants started the stroke near the vertical midline of their bodies and 

moved their hand away from the center. In a side-hand-starting position, participants 

started the stroke on one side of their body and moved their hand across their body. There 
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is a statistical significance in the percentage of strokes that were part of each group (F1, 10 

= 52.31, p = 0.0001). Cohen’s d = 1.5 identifies a large effect size. A majority of the 

participants started a stroke in the center of their body rather than on the side of their body 

(Figure 6.10). However, there was neither a significant difference between HSA and LSA 

participants nor an interaction between spatial ability and hand position. 

Drawing direction: We analyzed the way each participant moved their hand when 

drawing strokes, based on their body position, to identify how frequently participants drew 

strokes perpendicular to the view plane. Other drawing movements might be 

lateral/vertical in the drawing plane or a mixture of both, being diagonal in depth. To 

analyze drawing directions, we manually tagged the screen capture of each session and 

recorded the percentage of strokes that were part of each group. We used the participant’s 

current view to identify their drawing direction. We did not use the head position, as this 

may not represent the body orientation accurately. We found three different types of 

drawing directions: a) lateral, b) diagonal, and c) perpendicular. In the lateral drawing 

direction participants moved their hand approximately parallel to the view plane, in 

diagonal participants moved their hand approximately at a 45° angle from the view 

direction, and in the perpendicular drawing direction participants moved their hand 

approximately along the view direction, i.e., perpendicular to the view plane. 

There is a statistically significant difference in the percentage of strokes that belong 

to each category (F2, 20 = 38.03, p = 0.0001). Cohen’s d = 1.1 identifies a large effect size. 

A Tukey-Kramer post-hoc test showed that the lateral direction was more frequently used 

than diagonal and perpendicular directions (p = 0.0001), for 49% of all drawing 

movements. The diagonal direction was also more frequent than the perpendicular 

direction (p = < .0001), with 37% of all the drawing movements. Finally, the perpendicular 

direction was used infrequently, with only 14% of the drawing movements (Figure 6.11). 

We could not identify a difference in the percentage of strokes that belong to each category 

between HSA and LSA participants, nor an interaction between spatial ability and drawing 

direction category. 

Head movement while drawing: We analyzed whether the head followed the hand 

while doing the stroke or not, to identify if there are differences in eye-hand coordination 

between HSA and LSA participants. To get this data, we manually tagged the screen 

capture of the session and recorded the percentage of strokes for which the head followed 
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the hand. We could only identify a marginally significant interaction between spatial ability 

and head movement (F1, 10 = 3.4, p = 0.07). More participants kept their head static while 

drawing, but for the participants that moved their head, LSA participant moved their head 

while drawing more than HSA participants (Figure 6.12). 

Discussion 

Shape likeness: Overall, HSA participants draw shapes that are more like the 3D 

models than LSA participants. For example, for Shape 2 the difference is almost 1.9 pts 

in ratings between the groups (HSA = 7.7 pts. vs. LSA = 5.8 pts.). The difference in scores 

is also visible when just considering the walking condition. These findings support our 

hypothesis H1, as participants with high spatial ability achieved better scores for shape 

likeness compared to low spatial ability participants. One probable reason behind a 

difference in drawing scores is the participants drawing experience, however, when 

analyzing the 2D drawing experience between both groups we found that participants had 

similar drawing experiences (F1,11 = 0.19, p = N.S.). When analyzing the effect of the 

different types of movements, we did not find a significant effect on the shape likeness to 

the 3D model. The observed lack of impact of walking on shape likeness is the opposite 

of what previous literature on the cognitive effort of walking reports [208]. 

Line precision: The overall line precision for both standing and walking conditions 

was not statistically different between the HSA and LSA groups. There were significant 

low scores for line straightness in the standing condition, but those can be related to the 

naturally curved arm movements of humans, which have been discussed before by Arora 

et al. [9] and are a consequence of the absence of a physical surface. One probable 

reason behind the similar scores is the difference in total time between movement types, 

but we consider this to be a consequence of the time spent moving in the walking 

condition. The statistical difference in drawing time means that participants spent less time 

creating strokes while standing. We do not have enough information to identify a reason 

for this difference, however we hypothesize that participants could not see the mistakes 

they were making, as they used only a single viewpoint. Overall, our results do not support 

hypothesis H2. Interestingly, when only evaluating drawings created when walking, the 

line precision was significantly different between spatial ability groups. Notably, we found 

that the HSA participant’s line precision was better than that for the LSA participants. The 
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HSA participant’s higher (3D) line precision scores while walking confirm the findings of 

previous work for 2D drawings [138]. 

User’s behaviours: To better understand how a user plans their next stroke, we 

also analyzed the walking condition of our experiment in detail to identify the participants’ 

drawing behaviours while drawing in 3D. In this condition, the participants were free to 

walk in any direction while drawing. First, we analyzed the users’ standing positions 

around the drawn object. Most participants followed either a circular or a semi-circular 

movement pattern. Although there is only a marginally significant difference between 

these patterns regarding outcomes, there seems to be a tendency where a user’s 

movement pattern and spatial ability affects the shape-likeness score. For example, HSA 

participants that followed a circular pattern had a slightly higher score (7.9 pts.) than the 

participants that followed a half-circle pattern (7.7 pts.). This effect is more pronounced for 

LSA participants (circle = 6.6 pts. vs half-circle = 5 pts.). In general, the circular pattern 

has a larger number of distinct viewpoints than the half-circle pattern. These results 

support previous work, where multiple views of an object helped users understand a 3D 

object better than with mental rotation [163], which is an important step of planning the 

next stroke. 

We also analyzed the movement paths while drawing. Here we found that some 

participants performed the rocking movement explained before. This rocking movement 

allows participants to change perspectives continuously before making a stroke, which 

may help them plan that stroke better. In contrast, for both spatial ability groups, 

participants with low shape-likeness scores remained in the same position more often than 

high-score participants. Even if they used similar viewpoints, their movements around the 

drawing are also more chaotic (Figure 8). Using a rocking movement has a positive effect 

on the overall likeness of the score (Present = 7.7 pts. vs. Absent = 5.8 pts.) and on the 

line precision (Present = 5.7 pts vs Absent = 4.7 pts). 

When analyzing the hand movement direction, we found a difference in the number 

of strokes each participant did in each category, with most participants using more lateral 

and diagonal drawing movements and fewer perpendicular movements. These results 

together with the movement patterns and the rocking movements lead us to believe that 

most participants were mostly performing planar drawings. When they needed to draw in 

depth, they preferred to move around rather than to draw with hand motion perpendicular 
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to their view. This is an important finding because it shows that participants were actively 

avoiding perpendicular movements, even though the freedom to do this has been claimed 

as an advantage of 3D drawing [185]. Based on previous work we hypothesize that the 

reasons behind this deliberate behaviour are to work around depth perception problems 

[8,16,20,158] and biomechanical limitations [125]. 

 

Figure 8 Movement paths with rocking vs no rocking. The red shapes show areas 
where the user stood to draw, and the yellow lines show walking 
paths. The blue lines show rocking movements. 

The last two measures we evaluated were hand start positions for a stroke and 

head movement while drawing. For hand position, there was a significant difference on 

the percentage of stroke that started at each position between the categories (side = 

0.23% vs center = 0.76%), but not between HSA and LSA participants. For head 

movement types there was no difference between spatial ability groups. These results 

lead us to believe that the participant’s arm movement and their eye-hand coordination do 

not strongly correlate with the user’s spatial ability. In conclusion, the participant’s 

movement while drawing and the benefits of different movement patterns depends on the 

participant’s spatial ability. These findings support our hypothesis H3. However, we found 

no effect of a user’s spatial ability on other behavioural methods used for 3D drawing, like 

drawing direction, hand starting positions and head movement while drawing. 

General Discussion: Our first hypothesis was that a user’s spatial ability affects the 

shape of their final sketch. We were able to confirm our H1, as the shape likeness of the 

drawing is affected by the user’s spatial ability. However, we did not find a difference in 

line precision. These results lead us to believe that the higher cognitive and sensorimotor 

demands of 3D drawing [206] affect HSA users less than LSA users. Our second 

hypothesis was that the shape likeness and line precision of users diminishes when they 
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change their viewpoint while drawing. However, we found that the user line precision 

increased when walking, and we found no difference on shape likeness, which does not 

support hypothesis H2. 

While our results were only measured for geometrical shapes, we hypothesize that 

they also hold for more general drawings. It is as difficult to draw a straight line in an 

otherwise free-form drawing as it is to draw one that is part of a geometric shape. We 

performed a post hoc power analysis for each parameter, based on the mean, between-

groups and within-groups comparison, and the effect size. It showed limited statistical 

power because of the modest sample size in the present study (N = 12) for the following 

results: drawing time (.40), shape likeness (.60), line precision (.24) for the walking 

condition, and shape likeness (.53) for the movement paths analysis. All other statistical 

results obtained statistical power at the recommended .80 level. 

Based on these mixed results, and our analysis of the participant’s drawing 

behaviours, we believe that user’s spatial ability only affects certain classes of 3D drawing 

behaviours and that different classes of 3D drawing behaviours affect different parts of the 

stroke planning process and the stroke execution process. Those related to user 

movement while drawing, i.e., movement pattern and movement path, are correlated with 

shape likeness, as we found a significant difference between the shape-likeness scores 

of participants that use the rocking movement and those that do not. These behaviours 

are related to identifying an appropriate viewpoint to draw the next stroke. They are also 

related to the user’s spatial ability, as HSA participants used such behaviours more than 

LSA participants. Those drawing 3D behaviours related to hand movements and eye-hand 

coordination, i.e., hand starting position and head movement, are not correlated to either 

the line precision or the shape likeness. These behaviours are related to positioning the 

hand in the correct place to draw the stroke. They are also individual to each participant, 

as the user’s spatial ability did not influence them. Finally, the hand movement direction 

is part of the stroke creation process, not the planning phase. But it shows that the users 

carefully plan their standing position to avoid movements in depth. 

4.3.9. User Study 2 

In user study 1, we found that there are specific behaviours that help users select 

the correct viewpoint to draw the next stroke. Interestingly, one of our findings contradict 
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previous work that changing the viewpoint through walking does not impact the shape-

likeness scores. This result motivated us to further study the effect of changing the 

viewpoint while drawing in VR. Based on this, we hypothesize (H4) that a user’s line 

precision and shape likeness is affected by the viewpoint method used while drawing. We 

expect that drawing while walking improves the user’s line precision and shape likeness 

compared with other viewpoint-control methods. Therefore, we evaluated the effect of 

using two common hand-based viewpoint control methods currently used in 3D immersive 

drawing systems: 

Two-hand rotation (THR): We implemented a variation of the grab the air 

interaction technique [162], where the user uses both controllers to grab the world and 

rotate it. Our implementation uses the position between both controllers as the rotation 

pivot. As we are comparing this method with walking, we only allow users to do a 1DOF 

rotation around the world up vector. Our technique also allowed for a 3DOF translation of 

the object. 

One-hand rotation (OHR): We mapped the sketch rotation to the left controller 

pose and let users rotate it and translate it by moving the controller. Again, we only allowed 

1DOF rotation to emulate walking. 

Methodology 

Participants 

We recruited 12 participants from the university community (4 female). 5 of the 

participants were between 18-20 years old, 3 were between 21-24 years old, and 4 were 

between 25-30 years old. None of the participants took part in study 1. The participants’ 

frequency of drawing with pen and paper was that 4 draw a few times a week, 2 every 

week, 3 a few times a month, 1 once a month, and 2 less than once a month. For drawing 

in VR, only 2 participants had drawn in VR before. We measured the participants’ spatial 

abilities before they drew as we did in the first study; the participants were equally divided 

between high and low spatial ability. 

Apparatus & Procedure 

The hardware setup was identical to study 1. The 3D software was updated to 

allow users to rotate their sketches. As in the previous experiment, users used their 
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dominant hand to draw the strokes with the freehand drawing technique. The experiment 

procedure was identical to study 1, and the target shapes were Shape 2 and 3 of study 1 

(Figure 4). 

 

Figure 9 Study 2 results. 

Design 

The study used a 3x2x2 mixed design. The within-subjects independent variables 

were the movement type (walking, OHR, THR) and the drawing shape (2, 3). The 

between-subjects independent variable was the user’s spatial ability (low vs. high). In total, 

we collected 72 drawings, 6 for each participant. Because there were the same number 

of participants in both ability groups, our design was balanced between factors. The order 

of conditions across within-subject dimensions was counter-balanced across participants 

following a Latin-square design. The collected measures were drawing time (seconds), 

total time (seconds), the stroke objects in Unity3D, and the participant’s head and hand 

position. We also recorded video of the participants and created a screen video of the 

participants’ view while drawing. 
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Results 

The results were analyzed using repeated measures ANOVA with α = 0.05. All the 

data were normally distributed, except for drawing time and shape likeness. To normalize 

that data we used ART [207] before the ANOVA. Statistical results are reported in Table 

2, where “***” marks results with p < 0.001, “**” for p < 0.01, “*” for p < 0.05, “M.S.” for 

marginally significant, and “N.S.” for not significant. Figure 9 shows some of the resulting 

3D drawings done by our participants. 

Table 2 User study 2 statistical results. 

 

Total Time: There was no significant difference between spatial ability groups or 

movement types for total time. 

Drawing time: There was no significant difference between spatial ability groups or 

movement types on drawing time. 

Line precision: We coded each drawing using the same method as in study 1. 

There was a significant main effect of movement type on the matching of line pairs (F2, 20 

= 4.8, p = 0.019), but not between spatial ability groups. Cohen’s d = 0.19 identifies a small 

effect size. A post-hoc analysis showed a difference between using THR and walking (p 

= 0.02), but not between OHR and walking or OHR and THR (Figure 10.1). There was 

also a significant main effect of movement type on the stroke’s degree of deviation (F2, 20 

= 6.5, p = 0.006), but not for spatial ability. Cohen’s d = 0.31 identifies a medium effect 

size. A post-hoc analysis identified a difference between using THR and walking (p = 
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0.0056), but not between OHR and walking or OHR and THR (Figure 10.2). For the rest 

of the line-precision categories, there was no significant main effect between movement 

types and spatial ability groups. 

Shape likeness: We again coded each drawing using the same method as in study 

1. There was a significant main effect on shape-likeness scores between LSA and HSA 

participants (F1, 10 = 6.5, p = 0.02). Cohen’s d = 0.6 identifies a large effect size. Shape-

likeness scores for HSA participants were significantly higher than LSA participants’ 

scores (Figure 10.3). There was also a significant main effect of movement type on shape 

likeness (F2, 20 = 32.2, p < 0.001). Cohen’s d = 1.77 identifies a large effect size. A 

Bonferroni correction post-hoc analysis identified each movement type in a different group, 

where walking was better than THR, and THR was better than OHR. There was a 

significant main effect on shape likeness between movement type and spatial ability (F2, 

20 = 3.6, p = 0.047). For HSA participants a post-hoc analysis identified a difference 

between using OHR and walking (p = 0.0006). For LSA participants, all rotation methods 

were statistically significantly different from each other (Table 2 and Figure Figure 10.3). 

 

Figure 10 Experiment 2 results, 1) matching of line pairs, 2) degree of deviation, 
and 3) shape likeness. 

Discussion 

Shape likeness: We found a difference between movement types, where walking 

was better than THR, and THR was better than OHR. There were no significant differences 

for drawing or total time, which shows that the time spent drawing is unlikely to be a cause 

for this difference. These results show that the viewpoint control method has an effect on 

user performance. Specifically, it shows that walking is better for keeping the shape 

likeness of the sketch than hand-based viewpoint control methods. Based on this, we 
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hypothesize the similar results of standing and walking in study 1 are a consequence of 

the positive effects of physical moving on spatial updating, which helps users to remain 

oriented in space [105]. Thus, users can more easily find the correct viewpoint to draw 

their next stroke. Finally, the interaction between movement type and spatial ability, where 

the movement type affected HSA less than LSA participants, verifies previous work on 

spatial ability [79,108]. 

Line precision: We found that the movement type has a significant effect on line 

precision for the matching of line pairs and the stroke degree of deviation. These line 

precision categories are related to positioning the stroke in place, which confirms that 

depth perception issues affect 3D drawing. It also makes us hypothesize that spatial 

orientation also affects line precision. The post hoc analysis shows that walking is better 

than THR. The lack of significance between walking and OHR made us look at the data in 

more depth. We found that participants used a similar number of scene rotations in the 

OHR and THR conditions (F1, 10 = 0.01, p = N.S.), but when looking at the screen capture 

videos, the OHR rotations seem to have involved smaller angles than the THR rotations. 

Based on this, we speculate that these small OHR rotations might have been less 

disorienting than the larger THR rotations. Overall, these results show that for immersive 

3D drawing walking is better than hand-based view control. 

General Discussion: We analyzed the effects of viewpoint change on stroke 

planning. We found that users achieved better shape likeness and line precision scores 

when walking than when using hand-based viewpoint control. We hypothesize that this 

difference is a consequence of better spatial updating when walking [105], which help 

users better orient themselves in space than when using hand-based viewpoint control 

methods. These results validate previous work, where the viewpoint control method has 

an effect on user performance [109,198], but also extends this work to 3D immersive 

drawing. Our results also show the importance of choosing the correct viewpoint control 

method, as we found that both line precision and shape likeness are affected by it. We 

hypothesize that the reason behind this is related to the selection of a wrong viewpoint 

due to disorientation. Based on this, the higher degree of spatial orientation of HSA 

participants compared to LSA participants in study 1 may be the reason for their high line 

precision scores in the walking condition. However, such speculations need to be verified 

in future work. We were also able to confirm the outcomes of our study 1 results, i.e. that 
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the shape likeness of the drawing is affected by the user’s spatial ability, but not line 

precision. This confirms our H1. We were also able to show that hand-based viewpoint 

control methods affect the user’s line precision and shape likeness, which confirms our 

H4. However, we found that the user’s spatial ability can diminish this effect, based on the 

interaction between spatial ability and movement type on shape likeness. In conclusion, 

the results of study 2 further support the findings of study 1 on the user’s behaviours, as 

selecting the correct viewpoint is not only important for the shape likeness, but also for the 

sketches’ line precision. Finally, limited statistical power because of the modest sample 

size in the present study (N = 12) may have played a role in limiting the significance of 

some of the statistical comparisons conducted. A post hoc power analysis, based on the 

mean and the between-groups and within-groups comparison effect size, revealed that 

the following statistical results had a limited statistical power: the matching of the line pairs 

(0.25), degree of deviation (0.58), line precision (0.51) and shape likeness (0.50). Other 

results obtained a statistical power at the recommended .80 level. 

4.3.10. User Interfaces to Support Immersive 3D Drawing 

Based on the results of our two studies, we present several recommendations for 

3D immersive drawing interfaces: 

Encourage users to change their viewpoint. 

Moving is critical for 3D drawing, since it allows users to view their drawing from 

different viewpoints and better plan their next stroke. In study 1 we identified that walking 

avoids the creation of accidentally curved strokes regardless of user spatial ability, which 

Arora et al. [9] identified to be a problem with drawing when standing. In study 2 we 

identified that the viewpoint control method affects the shape likeness, because when 

users changed their view using hand-based viewpoint control methods their shape-

likeness scores were lower than when they walked around their drawing. This is related 

to spatial ability, as HSA users achieved better shape-likeness scores than LSA users. 

Therefore, a 3D drawing user interface needs to encourage users to walk around their 

drawings to make it easier to identify the “real” stroke shape in 3D. 
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Help users identify the spatial relationship between strokes 

Previous work [99] found that repositioning the view increases 3D understanding 

of the shape. Study 1 and 2 complement these results by showing that understanding the 

global shape of the sketch is related to systematically moving around the drawing while 

maintaining a good spatial orientation. More importantly, we identified that regardless of 

the user’s spatial ability, using rocking movements around the drawing improved their 

shape-likeness scores, as such rocking helps to perceive the correct spatial relation of a 

new stroke relative to existing content. Therefore, a 3D drawing user interface should help 

users understand the spatial relationship between strokes, such as orthogonality between 

strokes, better, e.g., by encouraging users to do rocking movements between drawing 

strokes. 

Give users tools to maintain their orientation while changing the viewpoint 

In study 2 we found that one advantage of walking over other viewpoint control 

methods is its ability to help users keep themselves oriented in space. This is related to 

spatial ability, as HSA users achieved were less affected by the negative effects of using 

hand-based control methods than LSA users. However, it is not always possible to 

physically move to the correct viewpoint. Therefore, a 3D drawing user interface should 

help LSA users better understand the spatial relationship between strokes, such as 

orthogonality between strokes, by providing strong orientation cues or navigation aids that 

show the probable position of new strokes in relation to the current strokes. 

Give users tools to draw in depth 

In study 1, we found that most users preferred lateral hand movements over depth 

movements. However, using only lateral hand movements negates one of the advantages 

of drawing in 3D, the ability to draw in depth. Therefore, we suggest giving users tools to 

improve depth perception to encourage depth hand movements. Another advantage of 

providing extra tools to better perceive depth is that it may help users identify the correct 

hand position in space, which may improve line precision as found in study 2. Previous 

work [9] suggested the use of planar surfaces to avoid problems related to depth 

perception and motions while drawing in VR. We complement their advice, by suggesting 

the use of widgets and visual guides inside the virtual environment to provide extra depth 

cues. 
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4.3.11. Conclusion 

This paper quantifies the effect of spatial ability on 3D drawing. Our findings show 

that the user’s spatial ability affects the shape likeness of their sketches but not their line 

precision, as high-spatial-ability users achieve better shape-likeness scores than low-

spatial-ability users. This is particularly interesting since previous literature [55,138] has 

not identified such an effect. More importantly, we found different types of user behaviours 

while drawing in 3D in study 1. Those related to the shape likeness are about identifying 

the correct viewpoint to draw the next stroke. Other behaviours are related to line precision 

and help users correctly position their hand in space to start a stroke. In study 2, we found 

that choosing the correct viewpoint also has a positive effect on line precision. In future 

work, we plan to explore the effect of disorientation on line precision and shape likeness 

further. 
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Chapter 5.  
 
Hand Positioning in Space 

In this chapter, I present a study of the effect of the stereo display deficiencies on 

virtual hand pointing. My goal was to establish a baseline for virtual 3D target selection at 

different visual depths with the virtual hand technique, as a way to identify the effect of a 

specific depth perception issue that may be responsible for the lower accuracy of 3D 

sketching compared to 2D sketching. During the study the participants intersected a target 

with a cursor to select it, and then move the cursor to the next target. This task can be 

divided in two phases pointing and dragging [118,122], but I will consider it a single action 

called virtual hand pointing. I extended the work of Teather et al. [190] on ray casting to 

virtual hand techniques, and I also extended the work of Lin and Woldegiorgis [115] by 

considering pointing to physical targets. As stated in chapter 3, depth perception issues 

are related to the 3D sketching planning sub-action positioning the hand in space as 

intended in all three dimensions, as it allows users to start and end a stroke in the desired 

positions. It also partially related to the 3D sketching planning sub-action planning their 

hand movement, as users need to move their hand in a specific direction and distance to 

reach a target. 

I published this study in the paper “The Effect of Stereo Display Deficiencies on 

Virtual Hand Pointing” [16], presented at ACM CHI in 2019. I co-authored this paper with 

Wolfgang Stuerzlinger. 

 Contributions: As the main contributor to this paper, I was responsible for the 

conceptualization and implementation of the system and the experimental setup. I was 

also responsible for conducting the experiments, collecting and analyzing the data as well 

as planning and writing the first draft. The development of the methodology, planning and 

execution were done collectively with Prof. Stuerzlinger. Prof. Stuerzlinger’s previous work 

on 3D pointing formed a basis for this research. He also supervised and reviewed the 

paper. 
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5.1. Research design 

Today, practically all commercial VR headsets [85,137] use stereo displays to 

enable better spatial perception of 3D objects. These systems show two different images 

to the users’ eyes from viewpoints that correspond to the eye positions in a human head. 

However, previous work in this area indicated that, compared with physical targeting, 

stereo displays affect both distance perception [117,158] and pointing performance with 

ray-casting [72,115] negatively. For example, in their review, Renner et al. [158] found a 

mean under-estimation, about 74% of the actual distance. This difference was 

independent of the VR display system but could be a consequence of each individuals’ 

vision system [81] and age [210]. As most interactions in such systems, including 3D 

drawing, let users directly interact with 3D objects, it is crucial to understand the effect of 

stereo displays on depth perception [15] and how it affects interactions. However, no 

previous work has studied how the deficiencies of stereo displays affect interaction when 

using virtual hand pointing. Based on this, my goal was to identify if and how stereo display 

deficiencies such as the vergence-accommodation conflict and problems with the 

interocular distance of the lenses affect pointing performance with a virtual hand 

technique. I also aim to extend Fitts’ law to pointing in stereo 3D displays. The research 

question and hypotheses are: 

RQ2: How do depth perception problems affect interaction in stereo display 

systems? Arora et al. [9] analyzed the factors affecting the human ability to sketch in VR 

environments and they found the main problems are the lack of a physical surface and 

the depth perception issues associated with VR devices. In addition, eye-hand 

coordination research shows that vision impairments can affect visually guided motions 

[57], which shows how critical accurate visual perception is for motions. Other researchers 

also found that human lateral target discrimination is better than depth discrimination 

[194]. Answers to RQ2 will help designers avoid situations where depth perception 

problems affect drawing the most, i.e., for hand positioning in space or at endpoints of 

other strokes and thus assist in creating better user interfaces for immersive 3D drawing. 

H4: A change in depth between targets negatively impacts selection performance 

in peripersonal space. I base this hypothesis on the finding that the vergence-

accommodation conflict affects depth perception, which should increase when the 
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distance between the screen and the object increases [84]. Consequently, I expect that 

pointing tasks with targets at different visual depths will exhibit different movement times 

and throughput compared to targets at the same visual depth. Throughput is a 

measurement that combines speed and accuracy to make it less dependent on the user 

strategy, and it is used to assess performance differences between 3D pointing conditions 

[121]. 

H5: The difference between physical and virtual targeting increases with a change 

in visual depth. The motivation for this hypothesis is the asymmetry of human vision in 

terms of acuity. Depth discrimination varies between 0.2 and 1 mm at distances between 

30 and 70 cm when using typical values for depth acuity, but visual/lateral acuity is smaller, 

e.g., 0.15 mm at 50 cm. Consequently, I expect that the difference between selecting 

physical targets using lateral and depth hand-movements to be smaller than for virtual 

targets. 

The paper reports three different user studies. The first two user studies involved 

a 3D version of the ISO 9241-411 task [89], one done with virtual and the other with 

physical targets. The ISO 9241-411 task consists of placing a set of targets in a circle on 

a plane in front of the user so that the distance between each target is the same. Using 

the ISO 9241-411 standard makes participants rely on their visual perception of the target 

depth and tries to remove other factors, such as the user’s spatial ability. For both studies, 

the targets were positioned along a single axis in two different conditions. One set of 

targets were positioned in the depth axis, i.e., along the line of sight, and had a change of 

visual depth between them. I call this difference in visual depth a change in target depth 

or CTD. The other set of targets were positioned in the lateral axis, i.e., to the left and right 

of the user, and had the same visual depth. Both studies used a within-subjects design. 

The independent variables were movement direction, target separations, and sizes. 

Dependent variables were movement time (milliseconds, ms), error rate (percentage of 

missed targets), and throughput (bits per second, bps).  

The third study measures 3D target selection performance for a more 

comprehensive range of Changes in Target Depths (CTDs) and movement directions. For 

this, I arranged targets in a circle along the view direction, which yields different visual 

depths for each target and lets me measure the effect of the CTD. This placement also 

requires a different movement direction for each pair of targets, which is a natural 
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extension of the ISO task towards investigations of depth-based movements, as the 

targets are not on a plane facing the user. 

5.2. Findings 

In this paper, I established a baseline for virtual 3D target selection at different 

visual depth with the virtual hand techniques. This paper yielded one main insight central 

to how user’s draw in VR and which I use later in this thesis to guide my user interface 

design. 

• I found that movement time is significantly longer for movements with a change 

in visual depth in stereo display systems. In contrast, the results of the physical 

experiment identified the opposite effect, as movement time was significant 

longer for movements without a change in depth.  

• I also proposed a new, extended 3D Fitts’ law model for virtual hand pointing 

that includes the effect of stereo deficiencies based on the change of visual 

depth between targets. 

I collaborated with Anil Ufuk Batmaz, Wolfgang Stuerzlinger, and Duc-Minh Pham 

on a paper that generalized these results to VR and AR headsets [20]. In this study we 

identified that both headsets had similar performance when using a virtual hand to select 

3D targets in virtual environments, but that depth perception issues had a more significant 

impact on VR than AR systems. They also found that the change in target depth affects 

virtual hand interaction in peri-personal space with VR and AR headsets. 
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5.3. Paper: The Effect of Stereo Display Deficiencies on 
Virtual Hand Pointing 

5.3.1. Authors 

Mayra Donaji Barrera Machuca, Wolfgang Stuerzlinger. 

5.3.2. Abstract 

Virtual Reality The limitations of stereo display systems affect depth perception, 

e.g., due to the vergence-accommodation conflict or diplopia. We performed three studies 

to understand how stereo display deficiencies impact 3D pointing for targets in front of a 

screen and close to the user, i.e., in peripersonal space. Our first two experiments 

compare movements with and without a change in visual depth for virtual respectively 

physical targets. Results indicate that selecting targets along the depth axis is slower and 

has less throughput for virtual targets, while physical pointing demonstrates the opposite 

result. We then propose a new 3D extension for Fitts’ law that models the effect of stereo 

display deficiencies. Next, our third experiment verifies the model and measures more 

broadly how the change in visual depth between targets affects pointing performance in 

peripersonal space and confirms significant effects on time and throughput. Finally, we 

discuss implications for 3D user interface design. 

5.3.3. Author Keywords 

3D Pointing, Cursor, Selection, Fitts’ law 

5.3.4. CSS Concepts 

• Human-centered computing → Human computer interaction (HCI); Interaction 

techniques; Pointing. 

5.3.5. Introduction 

Drawing virtual reality (VR) and augmented reality (AR) devices, applications 

increasingly allow users to directly manipulate virtual 3D objects [131,139], as such 
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interaction is easy to use and requires little training [27]. Examples include using a 

controller to select an option in a floating menu or to pick up 3D objects in a virtual 

environment (VE) with their virtual hand. Most such systems use stereo display, i.e., show 

two different images to the users’ eyes from viewpoints that correspond to the eye 

positions in a human head, to enable better spatial perception. Current stereo displays do 

not render spatial cues perfectly. For objects in peripersonal space, the human vision 

system can face depth perception issues, e.g., such as the vergence-accommodation 

conflict [82], diplopia [32], age-related near field vision problems [210] and personal stereo 

deficiencies. Little previous work has studied if stereo display deficiencies affect 3D 

pointing within arms’ reach. If people cannot perceive depth accurately, they might face 

difficulties pointing to targets, as they may not be able to judge quickly if the cursor is 

where the target is.  

Here, we focus only on virtual hand/wand pointing, i.e., selection of 3D targets 

within arms’ reach, and ignore ray-based 3D pointing techniques [7,27]. Our primary goal 

is to investigate how 2D Fitts’ law [67,68], could be extended to 3D model selection with 

current stereo display systems. Fitts’ law predicts the movement time (MT) for how quickly 

people can point to a target on a screen:  

𝑀𝑇 = 𝑎 +   𝑏 ∗ 𝑙𝑜𝑔2 (
𝐷

𝑊
+ 1) = 𝑎 + 𝑏 ∗ 𝐼𝐷    ( 1 ) 

Where D and W are the target distance respectively size, while a and b are 

empirically derived via linear regression, the logarithmic term in Fitts’ law is known as the 

index of difficulty (ID) and indicates the overall pointing task difficulty. We hypothesize that 

stereo display deficiencies affect selection more with an increasing change of visual depth 

between targets, due to the associated depth perception issues. Thus, movements directly 

towards or away from the viewer should have worse performance than lateral, i.e., side-

to-side movements. Previously proposed 3D selection models [40,132] ignore the effect 

of visual depth changes. A 3D Fitts’ law formulation that captures the effect of common 

stereo display shortcomings for interaction within arms’ reach will aid user interface 

designers to create 3D user interfaces with better performance and improve user 

experience. 

As with real-world reaching movements, all targets in peripersonal space, up to 70 

cm from the user, require users to accurately estimate target depth for a successful 
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selection. Our first two experiments involve only four different movement directions, two 

with a pronounced change in visual depth and two without. The first study investigates 

these movements in a stereo display system, and the second in a real-world setting. Based 

on a comparison of the results of both studies, we propose a new model for 3D pointing 

that depends on the depth change between targets. Our third study looks at a bigger range 

of movement directions and is used to verify the new model.  

Through modelling how stereo display deficiencies affect performance our work 

extends previous work on ray-based pointing [190] to virtual hand techniques. We also 

extend the work by Lin and Woldegiorgis [115], as we compare the differences between 

physical and virtual targeting, by analyzing pure depth motions in isolation, and by 

modelling how the change in visual depth between targets affects performance in 

peripersonal space. Our contributions are: 

• A comparison between virtual 3D target selections with the same or different visual 

depths in peripersonal space in a stereo display system. We show that movements 

with a change in visual depth suffer in time and throughput.  

• A comparison of selecting physical objects with the same or different visual depths 

in peripersonal space. We show that lateral movements suffer regarding time and 

throughput. For the subset of conditions matching experiment 1, we identify that 

users are faster and exhibit higher throughout with physical targets.  

• A new 3D Fitts’ law model for 3D selection with virtual hands techniques that takes 

the effect of stereo display deficiencies into account.  

• A study of targeting performance for 3D objects in peripersonal space with varying 

visual depth between targets. We identify that the predictive power of our new 

model surpasses previous ones. 

• Recommendations for 3D user interface design. 

5.3.6. Motivation & Hypotheses 

Eye-hand coordination research has found that vision impairments can affect 

visually guided motions [57] and that human lateral target discrimination is better than 
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depth discrimination [194]. Thus, our goal is to identify if and how stereo display 

deficiencies affect pointing performance. We also aim to extend Fitts’ law to stereo 3D 

displays. Previous work indicated that, compared with physical targeting, stereo displays 

affect both distance perception [117,158] and pointing performance with ray-casting 

[72,115] negatively. No existing model predicts how such deficiencies affect target 

selection with the hand/wand, i.e., direct 3D interaction, with stereo displays. Modelling 

this effect is important because stereo display systems are frequently used to display 3D 

scenes and are central to many VR and AR applications [85,131,137]. Most interactions 

in such systems let users directly interact with 3D objects. Thus, a better understanding 

and a model of how stereo displays affects 3D selection are needed. 

H1 - The effect of a change in visual depth on selection 

We hypothesize that a change in depth between targets negatively impacts 

selection performance in peripersonal space. Based on our hypothesis, we expect that 

pointing tasks with targets at different visual depths will exhibit different movement times 

and throughput than targets at the same visual depth. Standard Fitts’ law depends only 

on D and W and does not include a dependency on visual depth. This hypothesis is 

motivated by the previous work discussed above and especially that such an effect was 

identified for ray-based pointing [190]. Compared to ray-based pointing, virtual hand 

selection has a bigger dependency on eye-hand coordination, as the user needs to place 

their hand within the object, simulating real-world interaction [25,154]. 

H2 - The effect of stereo deficiencies on target selection 

Previous work has shown that eye-hand coordination in stereo displays is affected 

by the target plane location [123,194]. As we believe that the deficiencies of stereo 

displays affect 3D pointing performance negatively, we thus also hypothesize that the 

difference between physical and virtual targeting will increase with a change in visual 

depth. We expect that the difference between physical lateral and depth movements to be 

smaller than for virtual ones.  

Model for the effect of stereo display deficiencies on pointing 

We aim to predict the effect of depth depiction deficiencies of stereo displays on 

3D pointing, i.e., how a change of visual depth between targets affects pointing time. We 

model this through an additional parameter in Fitts’ law that depends on the change of 
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target distance. Our motivation for an additional parameter is the asymmetry of human 

vision regarding acuity. With typical values for depth acuity, depth discrimination varies 

between 0.2 and 1 mm at distances between 30 and 70 cm, but visual/lateral acuity is 

smaller, e.g., 0.15 mm at 50 cm. This difference alone motivates the addition of a different, 

depth-change-dependent term for a 3D pointing model. 

5.3.7. Related Work 

Virtual hand/wand techniques for 3D selection have been widely explored 

[24,32,150]. Such techniques require the user to intersect the target with their hand or 

wand and apply only to targets that are within arms’ reach (in peripersonal space) and 

outside the screen (for screen-based systems). To successfully select a target at such 

relatively close distances, users need to accurately perceive the position of the target and 

then move their hand there. We first review relevant work on depth perception and then 

hand movements. 

Depth Perception in Peri-personal Space in VR 

In their review, Kenyon and Ellis [101] examine depth perception limitations in VEs. 

They identified that visual acuity and display resolution should match to provide a faithful 

image and that (visible) depth quantization should be avoided. Renner et al. [158] also 

reviewed previous work on human depth perception in VEs and identified a mean 

underestimation, 74% of the actual distance. This difference was independent of the VR 

display system but could be a consequence of each individuals’ vision system [81] and 

age [210]. Nonpictorial depth perception at distances less than 2 m is mostly based on 

stereopsis, motion parallax, and convergence and accommodation [31,56,148,158]. 

Vergence is the simultaneous rotational movement of the eyes when there is a change of 

the target distance, while accommodation is the change in the (eye) lens curvature to 

focus on objects at various distances [158]. For physical targets, vergence and 

accommodation are coupled. 

Hong and Kang [84] investigated stereoscopic fusion for objects at different visual 

depths, i.e., distances from the screen. They found that for close locations, the view 

direction of both eyes intersects outside the range of the depth-of-field, which affects 

accommodation. This effect implies potential fatigue due to a vergence-accommodation 
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conflict. Suryakumar et al. [180] identified that the vergence angle affects vergence time. 

When vergence and focal distances differ, perceived depth is less accurate [84,101]. 

Hoffman et al. [83] also established that differences between the focal and the vergence 

distance could reduce stereo-acuity and cause visual fatigue. 

Multiple studies established that depth cue conflicts affect depth perception 

[23,101,147,150]. Specifically, in stereo display systems, the eyes need to focus on the 

display at a fixed distance, whereas in the real world they need to (con)verge at different 

distances to correctly perceive visual depth. Swan et al. [183] examined how humans 

perceive and estimate target depth in VEs in comparison to physical ones, and found that 

users overestimate distances in AR. They attributed this to the eye vergence angle. The 

specific distance cues that cause this effect have not been identified [117]. 

3D Pointing in Stereo Display Systems 

Moving the hand or input device to the position of a 3D target is called 3D pointing. 

3D selection then involves clicking a button to select said target. Previous work [117,126] 

found that stereo displays are beneficial for depth-related tasks in the near-field. However, 

compared to the real world, distance perception is compressed in a stereoscopic view.  

Depth cue conflicts affect pointing performance with virtual ray techniques 

[106,107,189]. Teather and Stuerzlinger [189] showed that varying target depth affects 

performance. Janzen et al. [94] found that performance for target depths between 110 and 

330 cm is affected and identified an effect of the user’s distance to the screen. Lin and 

Woldegiorgis [115] studied the effect of depth cue conflicts on virtual hand pointing and 

found that overestimation decreased with distance from the user. Still, they studied only 

distances beyond 65 cm, i.e., outside peripersonal space. Barrera and Stuerzlinger [15] 

found that lateral and depth movements were different when selecting nearby targets but 

they did not compare their results with physical pointing. 

In eye-hand coordination research, Tramper and Gielen [194] investigated 

coordination differences in the frontal and depth planes for tracking and tracing tasks. For 

example, for tracking gaze leads finger position in the frontal plane but lags behind the 

finger in the depth plane. They found that the different lead times reflect differences in the 

dynamics of visuomotor control between coupled eye movements in the same lateral 

direction and opposite eye movements for depth accommodation. 
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Previous work has also studied the biomechanics of 3D pointing. The plane of 

shoulder exertion affects the muscles used [6,125,178]. Others [134,169] observed that 

hand movements that cross the vertical midline of the body are more complex than those 

that do not. Lubos et al. [120] identified that visual perception has a larger effect on 

selection than motor actions. 

Fitts Law and 3D Pointing 

Fitts’ law [68] is a widely used model for performance in pointing tasks [176] and 

predicts movement time (MT). A refined version, ISO 9241-411 [89], combines speed and 

accuracy into throughput to make the measurement less dependent on user strategies. 

Throughput can be used to assess performance differences between 3D pointing 

conditions [121]. Yet, the original Fitts’ law formulation does not always correctly describe 

the data [94,175]. Thus, researchers have proposed two-part models, such as the 

Shannon-Welford formulation [175], which includes a second logarithmic term to reflect a 

second process. 

2D Fitts’ law has been used to measure the difficulty of 3D pointing tasks 

[78,107,152]. However, the traditional 2D formulation of Fitts’ law does not accurately 

predict 3D movement times or throughput in stereo displays and previous work adapted 

it. For example, Murata and Iwase [132] incorporated a parameter for the movement 

direction on a vertical plane facing the user, i.e., only when all targets have the same visual 

depth. Cha and Myung [40] added inclination and azimuth angles to Fitts’ law. However, 

their work covers only forward motions with an azimuth between 30° and 60°, and −30° 

and −60° with physical targets. We extend their work to covers straightforward and 

backwards motions and a broader range of directions. Also, Cha and Myung [40] did not 

incorporate the effect of stereo display deficiencies in their work. While the angle between 

the 2D movement direction and the target orientation on a screen has been used to model 

2D pointing movements [2,75,106], where the depth of the target is irrelevant, here we 

model the effect of the change in visual depth between 3D targets independent of target 

orientation. A model for ray-based pointing in 3D volumetric displays incorporates the 

angle between the movement vector and the target width vector [74]. 
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5.3.8. User Study 1 

This study aims to establish a baseline for virtual 3D target selection at different 

visual depth using virtual hand techniques, to understand how the visual depth and the 

distance from the screen affect 3D selection. 

 

Figure 11 Side and back view of the experimental setting for study 1 with a close-
up of the input device. Users select virtual targets in front of the 
screen by moving the wand to them and clicking a button. 
Movements were either along the view direction or lateral. The 
yellow spheres show exemplary targets positions, and the smaller 
green one the virtual cursor above the wand. 

Methodology 

Participants 

We recruited 12 paid participants from the community (50% female). 42% of them 

were between 20 and 24 years old, 34% 25-29 years, 16% less than 19 and 8% 35-39 

years old. All participants measured normal when tested for stereo viewing capability and 

used their dominant hand for the task. content, typically through 3D video games, 67% 

played between 0-5 hours/week, 8% 5-10 hours, 8% 10-20 hours, and 17% played more 

than 20 hours. A quarter was familiar with 3D CAD systems. 

Apparatus 

We used a 3.60 GHz Windows PC, Unity3D, a Nvidia GTX970, and an 85" stereo 

Samsung TV at 3840x2160. The 3D scene consisted of an open VE with no additional 

pictorial depth cues to ensure that external cues, such as shadows, could not be used to 

estimate target positions. We used eight 250Hz OptiTrack cameras calibrated to sub-

millimetre precision for 3D tracking of the head and handheld wand (Figure 11). The virtual 
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cursor, shown as a green 1 cm sphere, followed the 3D wand position. We placed this 

cursor 2 cm above the wand tip to avoid diplopia with the real wand. The task required 

users to intersect targets with the virtual cursor and to select them with a wand button 

click. We did not adjust for individual interocular distance (IPD) but did take motion parallax 

through head tracking into account. The stereo glasses afford a relatively wide FOV 

(approx. 120°horizontal). End-to-end system latency was ∼140 ms. 

We used the TV’s 120Hz stereo capabilities with the included active shutter 3D 

glasses to show the targets outside the screen. Targets were two yellow spheres placed 

at specific distances from the user. All targets were displayed at eye height for each 

participant (Figure 11): a pair centred in front of the viewer, but with different visual depths 

(α = 0°, 180°), and a pair in the lateral direction with the same visual depths but different 

positions (α = -90°, 90°). Target depth was measured relative to the screen. When 

intersected by the virtual cursor, targets highlighted. Users only interacted with a single 

pair of targets at any given time. The current target was visible, while the inactive target 

was invisible. Upon selection, the two targets alternated. Users performed a constant 

number of selections for a given target separation, but depending on the movement 

direction, the visual depth changed or stayed the same. 

Procedure 

First, participants were tested to see if they could merge stereo targets correctly. 

Then participants were seated at the middle of the screen behind the table to keep their 

body parallel to the TV (Figure 11). Participants sat 75 cm away from the screen in a 

school chair (no swivel or casters). They used their dominant hand to perform the task. 

Target distances were between 40 and 70 cm from the user, i.e., between 5 and 35 cm 

from the screen. Participants were instructed only to move their arm while keeping their 

head and body in (about) the same position to keep the view direction mostly constant. 

The visual target height was matched to each participants’ eye-level to eliminate the effect 

of vertical disparity. Then, they were instructed on the task and encouraged to practice 

until they felt comfortable with it. During training, the target shape was different from the 

one in the actual experiment. 

The task was a 3D version of an ISO 9241-411 task [89], with targets positioned 

along a single axis. Users had to select the two 3D targets reciprocally. At the beginning 
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of each task, participants saw a yellow (target) sphere floating in front of them and the 

green sphere for the virtual cursor at the wand. Participants were asked to alternate 

between selecting the targets as quickly and accurately as possible. We emphasized that 

movements have to be continuous between targets until they saw a resting prompt, which 

occurred between changes of movement axes. If they missed a target, participants had to 

continue to the next one. If a part of the virtual cursor was inside the target when 

participants clicked the wand button, we recorded a successful selection; otherwise, a 

miss. They had to select a specific number of targets (11) for each combination of size 

and distance, i.e., a set. The distance between targets and their size changed randomly, 

selected without replacement from the available options. Once they did all sets for a 

movement direction, the task changed to the other direction, counterbalanced across all 

participants. 

Design 

The study used a 4x3x3 within-subjects design. The independent variables were 

movement direction (α = -90°- 90°, and 0°-180°), target separations (10, 20, and 30 cm) 

and sizes (1.5, 2.5, and 3.5 cm). Overall, participants saw the targets at seven different 

visual depths. Average target size is approximately constant between changes in 

movement direction. Dependent variables were movement time (milliseconds, ms), error 

rate (percentage of missed targets), and throughput (bits per second, bps). Per target ID 

11 trials were recorded. Across all distances and sizes, we used 9 distinct IDs from 1.94 

to 4.39 bits. Each participant completed 3 repetitions for each ID, for a total of 594 trials 

(3 x 11 x 9 x 2). Across all participants, we recorded a total of 7128 trials. 

Results 

The results were analyzed using repeated measures ANOVA with α = 0.05. 

Initially, we attempted to remove outliers. Yet, a 3σ criterion removed mostly data for view 

direction movements. Because the targets in the view direction are likely more affected by 

stereo deficiencies, we decided only to exclude double-clicks (2.4% of the data). As the 

data was not normally distributed, we tried a log transform, but this did not lead to a normal 

distribution. We believe that the shape of the distribution of our data might be a side effect 

of the stereo display deficiencies. Thus, we picked the Aligned Rank Transform (ART) 

[207] to transform our data before the ANOVA. We followed ART instructions do compare 

the means. For cases with interactions we used an interaction contrast as recommended 
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by ART to compare the means. For cases without interactions between factors, the means 

were analyzed using the Tukey Kramer test. Statistical results are reported in Table 3, 

with *** for p < 0.001, ** p < 0.01, * p < 0.05, and n.s. not significant. 

Table 3 User study 1 statistical results. 

 

Movement time: Overall, there was a significant main effect of direction on 

movement time (MT), (Figure 12.1.1). Average MTs for movements in the lateral direction 

were significantly faster than for the view direction. A post-hoc test found two different 

groups: α = (0°, 180°) and (90°, −90°).  

Error Rate: There was a significant main effect between movement directions on 

error rate (Figure 12.1.2). The error rate for movements in the right lateral direction was 

significantly lower than for left or back and forth movements. 

Throughput: (Effective) throughput was computed using the ISO 9241-411 method 

adapted for 3D motions. There was a significant effect of movement direction on 

throughput. All directions were significantly different (Figure 12.1.3). 

Movement Path: We also analyzed the movement paths using target re-entry 

events (Figure 12.1.4), speed, ballistic and correction times. Both ballistic and correction 

times were calculated using Nieuwenhuizen’s method [135]. There was a significant main 

effect of movement direction on all measures (Table 3). Both movement directions are 

significantly different for target re-entry and ballistic time, with lateral movements (α = 90°, 

−90°) being "superior" in all measures than in the view direction (α = 0°, 180°). For speed 

and correction time (α = 0°, 90°, −90°) were different from (α = 180°). 
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Figure 12 Study 1 and 2 results and comparison, with 95% CIs. (1) Movement 
Time, (2) Error Rate, (3) Throughput and (4) Target Re-entry. 
Comparison between matching conditions from study 1 and 2 are 
shown in (3.1) movement time, (3.2) throughput, and (3.3) movement 
time vs target depth change. 

Discussion 

Lateral movements had noticeable better performance than those in the view 

direction. For lateral movements, MT vs. ID has the same slope, while for movements in 

the view direction it has not (Figure 13a). Using effective ID (IDe’s) yields the same result, 

which provides further support. This effect is also visible in the throughput measure, where 

movements in the view direction have consistently about 20% fewer bps than lateral ones. 

When analyzing the movement paths, movements in the lateral direction follow previously 

identified patterns [135]. Yet, the post-hoc test on correction time shows that movements 

towards the user in the view direction have a much-extended correction phase, which 

could be interpreted as evidence for participants not being able to perceive depth well, 

likely due to stereo display deficiencies (Figure 13b). Observations during the experiment 

also confirm that for movements in the view direction, participants sometimes made gross 

depth-estimation errors. Only after they identified their error, they started a second sub-

movement to reach the correct position. We identified such behaviours in the data, as for 

depth movements 15% of the correction phases had a high speed (more than 20% of 

maximum). In contrast, only 6% of the lateral movements had such high-speed 

corrections. This effect is also evident in the Tukey-Kramer result for target re-entry, where 

all movement directions are in different groups. These findings support hypothesis H1, as 

selecting targets with similar IDs but in different movement directions exhibit different 

performance, and the gap increases with higher IDs. 
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Our results establish that a change in visual depth between targets affects user 

performance, as performance for movements in the view direction was worse than for 

lateral movements. Our results not only quantify this effect concerning movement time but 

also regarding error rate and throughput. Kopper et al.’s work on virtual ray techniques 

[106] showed that the target’s angular size affects performance. Yet, while targets at 

different visual depths have different perceptual size, our observed differences (25% 

slower for depth movements) are well beyond any effect that can be explained through 

visual size differences alone (9%). On the other hand, the difference could be explained 

through human vision characteristics. Suryakumar et al. [180] found that (in the absence 

of accommodative cues) "pure" vergence times increase notably with vergence angle. For 

our vergence angles (0.6°, 1.3°, and 2°) they measured roughly 200 ms to 350 ms to verge 

in ideal conditions. In our study, we observe an average difference of 380 ms between 

movement directions across all IDs, which is at the upper end of this range. While this is 

not conclusive, their results can explain a substantial part of the effect. Overall, these 

results support our hypothesis H1, that stereo display deficiencies affect selection 

performance. 

 

Figure 13 (a) MT vs. ID, (b) Typical lateral movement and exemplary second sub-
movement in the view direction. 

5.3.9. User Study 2 

Previous studies have identified that distance estimation for physical targets is 

better than for virtual targets [56,117]. Thus, the objective of this study is to establish a 

baseline for physical 3D target selection at different visual depths in different movement 
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directions. We also wanted to identify if the effects found in study 1 generalize to all 3D 

selections or are related to stereo display deficiencies. For this, we presented real targets 

at the same movement directions as study 1: a lateral pair (α = −90°, 90°) and one in the 

view direction (α = 0°, 180°). Due to mechanical restrictions, all conditions in this study 

had the same separation distance (30 cm) between targets, which matched one of the 

distances used in study 1. In effect, this study replicates a subset of study 1 in a physical 

setting. 

 

Figure 14 Side and back view of the physical prototype with a close-up of the 
targets. Users select targets by moving the top of the wand into the 
sphere indicated by the wire halfcircle and clicking a button. 
Movements were either along the view direction (α = 0°, 180°) or 
lateral (α = −90°, 90°). 

Methodology 

Participants 

We recruited 12 new paid participants from the university community (59% 

female). 59% of the participants were between 20 and 24 years old, 17% 25-29 years, 8% 

less than 19, 8% 30-34 years, and 8% 35-39 years old. All participants measured normal 

when tested for their stereo viewing capability and used their dominant hand. All 

participants were familiar with interactive 3D content, most of them in the form of 3D video 

games, 75% played between 0-5 hours/week, 17% 5-10 hours, and 8% 10-20 hours/week. 

17% of participants were familiar with 3D CAD systems. 

Apparatus 

We built a custom physical prototype (Figure 14) for the experiment, which mimics 

a subset of study 1 target sets. The prototype used two Behringer X32 motorized faders 
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controlled by an Arduino Uno, with a top speed of 0.43 mm/ms. A core goal was to avoid 

obscuring one target with another, especially for movements in the view direction. The 

current target was made visible by being raised, while the inactive target was hidden by 

being lowered into the box at top speed. Upon selection, the two targets alternated. The 

distance between the two targets was 30 cm, and target size changed depending on the 

condition. The target shape was a half-circle made with wire that users could move through 

with the wand. We chose an open shape, as pilots with solid spheres revealed contact-

based pointing strategies that are not comparable to the movements in study 1. To 

highlight selection, a LED turned on when the pointing device was inside the target sphere 

implied by the half-circular wire. We used the same tracking cameras and wand pointing 

device as in study 1, and selection was again indicated by pressing the wand button. 

Procedure 

The procedure was the same as in study 1, with matching target distances and 

relative positions. We again adapted the vertical position of the apparatus so that targets 

were at the participant’s eye-level. The task was also the same as in study 1, with the 

exception that the distance between targets did not change. The experimenter physically 

changed the size of the targets, depending on the condition. The target size was selected 

without replacement from the available options and the first movement direction was 

counterbalanced across participants. At the beginning of each trial, participants saw a 

curved wire which indicated the shape of the target sphere. Participants were asked to 

select the target as quickly and accurately as possible by moving the wand top inside that 

sphere. The tip of the wand was a sphere of 1 cm, similar to the virtual cursor. Instructions 

again emphasized that the movement had to be continuous from target to target until they 

saw a 60 second resting prompt. The movement direction was changed after the whole 

set by rotating the apparatus to enable participants to perform trials with the other 

direction. 

Design 

The study used a 2x3 within-subjects design. The independent variables were 

movement direction (α = −90° - 90°, and α = 0° - 180°) and target size (1.5, 2.5, and 3.5 

cm). Overall, participants saw targets at three different visual depths. The dependent 

variables were movement time (ms), error rate (percentage of targets missed), and 

throughput (bps). We recorded 11 trials per target ID. We used 3 distinct IDs between 3.38 
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and 4.52 bits. Each participant completed 3 repetitions of each ID, for a total of 198 trials 

(3 x 11 x 2 x 3). Across all participants, we recorded a total of 2376 trials. 

Results 

Data was not normally distributed. We did not remove outliers in MT and error 

distance, as this would have removed mostly data in the view direction. Thus, we only 

removed double-clicks (5.4%). We excluded one participant due to mechanical problems. 

After being ranked by ART, the results were analyzed using repeated measures ANOVA 

with α = 0.05. We used the same procedure as study 1 to compare means. Statistical 

results are reported in Table 4, with *** for p < 0.001, * p < 0.05, and n.s. not significant.  

Table 4 User study 2 statistical results. 

 

Movement time: There was a significant main effect of movement direction on MT 

(Figure 12.2.1). Both lateral movements were significantly slower than those in the view 

direction. A post-hoc comparison found a significant difference in times between α = (0°, 

180°) and the other 2 directions. 

Error Rate: There was no significant main effect between movement types on error 

rate (Figure 12.2.2).  

Throughput: There was a significant effect of movement direction on throughput 

(Figure 12.2.3). Throughput for the lateral direction was significantly lower than for the 

view direction. A post-hoc comparison found a significant difference between two groups: 

α = (0°, 180°) vs. α = (−90°, 90°). 
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Movement Path: There was a significant effect of movement direction on target re-

entry (Figure 12.2.4) and correction time. Speed and ballistic time were not significant. For 

correction time view direction movements (α = 0°, 180°) were statistically different from 

lateral ones (α = −90°, 90°). For target re-entry (α = 0°) is different from (α = −90°, 90°), 

and (α = 180°) is different from (α = 90°). 

 

Figure 15 (a) Fitts’ law Model for movement directions. (b) Examples of a single 
path movements for the same participant in the same condition: 
movement in the lateral direction and in the view direction. 

Lateral movements had noticeably worse performance than in the view direction 

(Figure 15a). The same analysis using effective ID’s (IDe’s) yields the same result, which 

supports this finding. This effect is also visible in the throughput measure, where lateral 

movements have consistently about 14% fewer bps than movements in the view direction. 

Analyzing the movement paths (Figure 15b), we found that movements both in the view 

and in the lateral direction follow standard patterns [135]. Also, only 2% of both lateral and 

depth movements had correction phases with speed higher than 20% of the maximum. 

We see this as evidence that the absence of stereo display deficiencies makes it easier 

to select real targets, regardless of the movement direction. The Tukey- Kramer test for 

re-entry showed that movements away from the user are different from all the other 

movements, but that movements towards the user are similar to left movements. These 

findings support hypothesis H1, as the effect of movement direction is less pronounced 

for real targets, where there are no stereo deficiencies. These findings also support H2, 

as the difference between movement directions is smaller than in experiment 1. 

Biomechanical factors can explain the asymmetry between lateral movements for 
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selecting a target that is about −60° vs. 60° relative to the view direction [178] and by the 

hemispheric asymmetry for right and left side movements [200]. Yet, this effect is small 

(and not large enough to include in our model). 

5.3.10. Study 1 & 2 Comparison and 3D Fitts’ Law Model 

To better understand how stereo display deficiencies affect 3D pointing, we 

compared the results of studies 1 and 2. Due to mechanical restrictions, study 2 only 

evaluated a single distance. Thus, we limited study 1 results in the following to the same 

target separation, 30 cm, as in study 2. Analysis of this limited data from study 1 still shows 

the same significant results as the full data. Given that the statistical results across 

matching conditions in the two studies come out in opposite ways and that lateral 

movements match closely (1123 ms for virtual movements vs 1148 ms for physical 

movements), we believe we can rule out either latency or resolution as a primary 

explanation. Also, we ruled out diplopia as a potential issue for targets between 30 and 70 

cm from the user through early pilots. If there was a strong effect of the fixed IPD on the 

depth perception, one could expect a notable difference between study 1 and 2 for the 

lateral condition. As we did not observe such a difference, we believe that the fixed IPD 

did not notably bias our results. 

Based on the significant effect of depth movements in study 1, we believe that 

stereo deficiencies, especially the vergence-accommodation conflict, are the likeliest 

cause for our observations. There is on average a 560 ms difference between the physical 

and virtual conditions in the view direction. Suryakumar et al. [180] compared pure 

vergence movements with disparity with vergence-accommodation movements without 

disparity and identified a trend where pure vergence movements with disparity take 50 ms 

longer. Our difference is much larger, but together with the fact that depth perception is 

impacted negatively on stereoscopic 3D displays [84,101,194], we see that as an 

indication that the fundamental interaction (vision-action) loop for pointing is impacted, 

too. The longer and faster corrections are another indication for this. 

When comparing movement times across matching study conditions, study 2 

movement times are statistically faster (μ = 1010ms, σ = 600) than in study 1 (μ = 1290ms, 

σ =600) for both directions (Figure 12.3.1). The speed difference between virtual and 

physical selection is 19%, which roughly matches the 12% found in previous work [72]. 
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Nieuwenhuize, et al.’s [135] results also support ours. Extending their work, we identify 

that the difference also exists regarding throughput (physical = 5.85 bps vs. virtual = 4.12 

bps) (Figure 12.3.2). The difference between movement directions between experiments 

is also statistically significant (F3,63 = 52.5, p < 0.0001), which supports our H2. 

Extending previous work [84,178] we showed that stereo display deficiencies affect 

performance for virtual hand pointing. A potential confound is the difference between full 

sphere and half circle targets. Also, one could argue that the participants in study 1 

practiced more. Yet, even with these potential advantages, study 2 participants were faster 

and more accurate. We expect that for the same amount of practice this effect would only 

increase. Still, we acknowledge that physical pointing needs to be explored in more depth 

for complete proof, especially for different target distances. For the movement paths 

(Figure 13b and Figure 15b), we found that in stereo display systems only movements in 

the view direction exhibit longer initial phases followed by longer or faster corrections. For 

all other movements (including the lateral ones in study 1), movement paths conform to 

rapid aimed movements. Our results are also supported by previous work that found that 

movement kinematics in the initial movement phase are similar between physical and 

virtual targeting in stereo displays [72]. The post-hoc analysis of the movement paths that 

identifies a significant difference between movement directions further strengthens these 

results. In summary, our results support our hypotheses as follows: 

• H1: the change in visual depth between targets with stereo displays affects 3D virtual 

hand pointing performance negatively. Supported 

• H2: the deficiencies of stereo display systems increase the effect of the change in 

target depth for virtual hand pointing negatively. Supported 

Based on these results, we propose a new 3D Fitts’ law model for 3D virtual hand 

selection with stereo displays, where we add a factor depending on the change of target 

depth (CTD). We based our decision on the linear effect found in study 1 (r2 = 0.96) and 

by Hong and Kang [84] for peri-personal space pointing. This linear effect is also present 

in study 2 but is smaller and due to its smaller magnitude could be explained there by 

biomechanical factors [6,125,134,169] or depth perception issues [47,148], see Figure 

12.3.3. Yet, for study 1, the magnitude of the effect is (much) larger, which points to 

potential additional causes for stereo displays. Also, when fitting study 1 data with Fitts’ 
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law, we see an r2 of (only) 0.59, AIC = 243. Even with the Shannon-Welford model, we 

see an r2 of only 0.6, AIC = 253. The AIC score [1] has been used to choose between 

pointing models, with a rejection criterion for choosing among models of 10 pts as 

established by Burnham et al. [35]. Thus, we hypothesize that adding CTD into Fitts’ law 

to calculate movement time will better predict performance and propose the following 

model: 

𝑀𝑇 = 𝑎 + 𝑏 ∗ 𝐼𝐷 + 𝑐 ∗ 𝐶𝑇𝐷     ( 2 ) 

Where a, b, and c are arbitrary constants to be determined through linear 

regression and ID, CTD are the index of difficulty and the change in target depth, 

respectively. CTD is measured in centimetres. MT = 389.2 + 237.8 ∗ ID + 15.74 ∗ CTD 

models study 1 data well (r2 = 0.94, AIC = 205). Consider that, after the multiplications, 

the magnitude of the last two terms is similar, which explains the improved fit for our new 

model. We recognize that adding a term (inside or outside of the ID) can create problems 

with units. Yet, we have not been able to identify a more elegant solution that matches our 

data. 

5.3.11. User Study 3 

This study measures 3D target selection performance for a more comprehensive 

range of changes of target depths (CTDs) and movement directions. For this, we arranged 

targets in a circle along the view direction, which yields different visual depths for each 

target and lets us measure the effect of the CTD. This placement also requires a different 

movement direction for each pair of targets, which is a natural extension of the ISO task 

towards investigations of depth-based movements. 

Methodology 

Participants 

We recruited a different set of 12 paid participants from the local community (42% 

female). 58% were between 20-24 years old, 25% 25-29 years, 8% 19 or younger, and 

9% 35-39 years old. All participants performed normally when tested for their stereo 

viewing capability and used their dominant hand to do the task. As with the other two 

experiments, all our participants were familiar with interactive 3D content, most of them in 
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the form of 3D video games, 58% played between 0-5 hours/week, 25% 5-10 hours, and 

17% 10-20 hours. 

 

Figure 16 (a) The different target positions in study 3. Movements were back and 
forth between two opposite targets, as in the ISO methodology (two 
example target pairs shown with coloured arrows). Participants 
never saw this view; they only saw the current and the next target, 
both at eye level. (b) Top view of all targets binned into groups by 
depth change depending on direction. 

Apparatus 

The hardware setup and procedure was identical to study 1. The software was 

modified to use a circle of 11 target positions, adjusted to be at the eye level of each 

participant in a plane perpendicular to the screen (Figure 16a). The 11 targets were 

grouped into pairs, with each being part of two pairs. This placement gives each target a 

different visual depth, which then requires participants to both adapt to a new target depth 

and to change the movement direction for each new pair of targets (Figure 16b). 

Separating the targets into pairs also lets us record separate data for every movement 

direction and target distance, maintaining consistency with study 1 and 2 and increasing 

internal validity. All the targets in a circle were invisible, except for the current target and 

the next target, which was 10% transparent. Based on experience from a pilot, we chose 

to make the next target partially visible, as this makes it easier to understand which target 

pair needs to be selected. 
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Results 

 

Figure 17 a) Movement Time, (b) Error Rate, (c) Throughput, showing 95% CIs. 

As the data was not normally distributed, we ranked data through ART and 

analyzed the results using repeated measures ANOVA with α = 0.05. We excluded 

double-clicks (2% of the data) but kept MT outliers for consistency with the previous study 

analyses. Initially, we attempted to analyze the data for each movement direction 

separately, but the results were not easy to interpret. Yet, as the effect of the change of 

target depth is our main interest, we transformed our data into CTDs and binned them into 

buckets of 5 cm, which yielded six distinct ranges. This transformation means that not all 

IDs were part of a CTD, as a CTD depend on the separation between targets and their 

angle. Statistical results are reported in Table 5, with *** for p < 0.001, * p < 0.05, and n.s. 

not significant. 

Movement time: Overall there was a significant main effect of CTD on MT (Figure 

17a). Targets with smaller CTD were significantly faster than targets with larger CTD. A 

post-hoc comparison found a significant difference in MT between the groups for 3 and 

7.5 cm from all the other distances. 

Error Rate: There was no significant main effect between CTD on error rate (Figure 

17b). 

Throughput: There was a significant main effect of CTD on throughput. Throughput 

for targets with smaller CTD was significantly larger. A post-hoc test found two groups: (3, 

7.5, 12.5, 17.5, 22.5) and (17.5, 22.5, 27.5 cm) (Figure 17c). 
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Movement Path: There was a significant effect of CTD on target re-entry, speed, 

ballistic and correction times. Target re-entry for targets with smaller CTD was significantly 

higher than for targets with larger CTD. A post-hoc comparison found a difference between 

3 cm and the group of all other distances. Both speed and ballistic time had a significant 

effect. A post-hoc test on both measures yield the same groupings: the two shortest CTDs 

(3, 7.5 cm) and all the other CTDs. It also grouped the two middle CTDs (12.5, 17.5 cm) 

and the two larger ones (22.5, 27.5 cm). Finally, correction time for targets with lower CTD 

was significantly higher. A post-hoc test identified two groups: (3, 7.5cm) and a group of 

all other distances. 

Table 5 User study 3 statistical results. 

 

Discussion 

Consistent with study 1 results, study 3 confirms that stereo display deficiencies 

affect pointing performance negatively. Both studies show that a change in target depth 

decreases performance. In study 3, we found that movement time was faster for targets 

with smaller changes in depth (3 and 7.5 cm) compared to larger changes (22.5 and 27.5 

cm). Lateral movements also influenced performance, but we attribute this (small effect) 

again to biomechanics [6,125]. The overall effect is smaller than in study 1, and we argue 

that this is due to the gradual change in the target depth of target pairs during the task 

sequence. Our results extend previous findings that changing target depth reduces 

performance with ray-pointing [190] towards virtual hand-based pointing. 

We fit the data with our proposed model and found MT = 167.6+273.5 ∗ ID +3.35 

∗ CTD, with r2 = 0.98, AIC = 344. Regression analysis showed that ID and CTD had a 

significant effect on the predictability of MT (p < 0.0001). To evaluate our new model, we 
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compared it against four previously proposed models, see Table 6: Fitts’ law, Shannon-

Welford, Cha-Myung, and an inclination angle-based model. For the last one, we 

evaluated only the range 0 and ±90°, which loosely corresponds to the range of directions 

they examined. We conclude that our new model predicts the data better than any other 

one. 

Table 6 Model fits: r2 (higher is better) and AIC scores (lower is better). The best 
results are highlighted. 

 

5.3.12. General Discussion 

We analyzed virtual target pointing performance in study 1 and compared 

movements with a change in visual depth with those with no change. We found that 

movement time is significantly longer for movements with a change in visual depth. In 

contrast, the results of study 2 identified the opposite effect in a physical setting (Figure 

12.3.1). These results confirm our hypotheses H1 and H2 that stereo display deficiencies 

affect 3D pointing performance. However, we could not find that the distance to the screen 

affects pointing performance. Still the vergence-accommodation conflict could be the 

cause for the results on the largest depth differences. The asymmetry found in lateral 

movements with no change in depth might be attributable to biomechanical causes. In 

both study 1 and 2 re-entries for lateral movements were higher than for the depth 

movements. In conjunction with the movement paths analysis, this led us to believe that 

our participants used two different strategies for the task. For lateral movements, they 

used a fast, metronomic movement, with potential overshoot behaviours. In contrast, 

participants tried to select the target directly for depth movements and were more careful, 

as is visible in error rates (Figure 12.1.3). This effect was stronger in study 1, where we 

identified significantly longer and higher-speed correction phases for depth movements. 
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We believe that this is caused by depth perception issues, as also identified by the motion 

analysis. 

We also proposed a new, extended 3D Fitts’ law model for virtual hand pointing 

that includes the effect of stereo deficiencies based on the change of visual depth between 

targets. Even though the effect is less pronounced for smaller changes in depth, study 3 

supports our hypothesis H1. Yet, we found a systematic and mostly linear inverse 

relationship between target depth and movement time, until about 60 cm. Beyond that 

performance drops, likely due to biomechanical limitations, such as arm length (Figure 

12.3.1). We expect these effects to apply to all directions and changes of target depths in 

peripersonal space for 3D selection with stereo displays. 

Our results imply that it is possible to predict 3D virtual hand pointing performance 

with a linear model. One could argue that a model inversely proportional to distance might 

be better, due to the properties of human depth perception [47]. Yet, the limited reach of 

the human arm restricts the distance range. Still, we see no strong non-linearity in our 

data, and our new linear model fits the data quite well. 

Our work extends Cha and Myung’s work [40] not only through replication in 

common 3D stereo displays but also by investigating "pure" depth movements and by 

quantifying the effect of target depth changes. Our new extended 3D Fitts’ law model 

predicts the effect of a change in target depth better than other alternatives. Our model 

could be straightforwardly extended to include the effect of vertical movements [132]. 

However, vertical movements are independent of depth cue conflicts, and thus there was 

no strong need to re-study this effect. 

One might argue that a new Fitts’ law model is not needed for stereo displays, a 

specific technology, and that it might complicate future research by fragmenting the space 

[52]. Yet, with the prevalent use of stereoscopic displays in current VR and AR systems, 

a model is important, also because it enables user interface designers to predict the 

performance of future 3D interfaces. Overall, we suggest an adaptation of our new 

extended 3D Fitts’ law model for all work that involves modelling 3D pointing performance 

in stereoscopic display systems with virtual hand selection techniques. 
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5.3.13. Recommendations for 3D User Interface Design 

Based on our results, we present several recommendations for 3D user interface 

design for systems that use stereo displays with virtual hand techniques: 

• The "best" working distance for direct interaction in stereo displays is between 50 

and 65 cm from the user. In study 1, users selected targets at this distance faster 

than closer ones. 

• Avoid having multiple interactive objects along the same line of sight, as 

movements to reach them are substantially slower. In study 1, we found that users 

sometimes perform two correction phases for such movements, which slows them 

down. 

• Strong changes in target depth, of 20 cm or more, should be avoided, as targeting 

motions are slower. We identified evidence for this effect in study 1 and 3. 

• Avoid targets close to the user’s eyes, as this position reduces pointing 

performance and increases the likelihood for motions along the line of sight. 

• Targets on the dominant (typically right) side have slightly, but not significantly, 

better performance than on the other side, based on movement biomechanics. We 

saw this in study 1 and 2. 

Based on our recommendations the best setting of objects for user interfaces in a 

VE is to have them in a quasi-planar arrangement facing the user about 50-65 cm away. 

Most interactive objects should be off-center, either on the right or left side. Our results 

thus further strengthen the design guidelines proposed by Lubos et al. [120]. Finally, 

important objects should be on the dominant side of the user. 

5.3.14. Conclusions 

We conducted three studies to investigate the effect of stereo displays on 3D 

virtual hand pointing. Based on our results, we identify that stereo display deficiencies 

negatively affect virtual hand pointing, especially for movements in depth. We also show 

that the change in target depth has a linear relationship with time for 3D pointing tasks 
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with stereo display systems (r2 = 0.96). The results of our third study confirm the effect of 

the change of target depth on performance with 3D virtual hand pointing techniques. We 

also introduced a new 3D Fitts’ law model for virtual hand techniques with stereo displays, 

which accounts for the effect of a change in target depth and which explains observations 

better than previous studies. 

Our work successfully models virtual hand target selection performance in stereo 

displays. While it is the likeliest explanation, we cannot claim that we can prove that the 

vergence-accommodation conflict is the cause of performance loss for depth pointing. A 

completely different apparatus, namely a stereo display system that can provide correct 

vergence-accommodation cues, would be needed to investigate this. We also 

acknowledge that the integration of depth in the model needs to be revisited for larger 

distances. We plan to pursue this direction in the future and also to run experiments to 

investigate the issue in VR and AR headsets. 
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Chapter 6.  
 
User Interface Design 

As stated in chapter 1, a notable problem with 3D drawing is the difficulty of 

creating accurate sketches without years of training [144,145]. Especially for novice users, 

this inability to draw 3D forms in VR accurately can result in ambiguous and difficult-to-

interpret sketches that are not useful to share concepts with other people [91,102,182]. 

To make 3D sketching more useful for all types of users, it is essential to support the ability 

to create accurate sketches, as these sketches represent the thoughts of the designer, 

serve as a point of discussion and can be used to instruct other people on the final product 

[62].  

In chapter 3, I identified two user actions resulting in 3D drawing mistakes, which 

affect the user’s ability to communicate their ideas correctly. The first action is correctly 

positioning the user viewpoint and the second action is positioning the hand in the correct 

position in space. In chapters 4 and 5, I further studied these actions and determined some 

of the errors that users can commit. These errors are starting strokes at the wrong location 

due to depth perception issues and moving around their drawing in a chaotic pattern when 

confused about the spatial relationship between old and new strokes, potentially due to a 

lack of spatial ability. Based on this and the challenges of immersive 3D drawing, a good 

user interface for this task should help users create accurate strokes by making depth 

perception errors less likely and by reducing the cognitive and visuomotor demands of 

drawing in 3D. The user interface also needs to assist users in understanding the spatial 

relationships between the strokes so that they can position a new stroke in the correct 

place. Overall, positioning a stroke in the correct place is not an easy task, and creating a 

user interface that lets users draw (more) accurately in a 3D virtual environment, without 

constraining them, has long been an open research issue. 

Previously proposed user interfaces for immersive 3D drawing have tried to 

increase the user accuracy during stroke creation. Some tools use novel metaphors to 

constrain the stroke creation process by reducing demands on the user’s visuomotor skills 

[11,54,93]. For example, Lift-Off [93] lets users first select curves from a 2D image 

previously positioned in space and then allows them to rotate these curves with two 
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hands/controllers until they are in the desired pose. As these curves already have their 

final shape, users only need to focus on positioning them in the correct place inside the 

sketch. Drawing on Air [99] uses the metaphor of “drawing” by applying/rolling tape. This 

system also uses a force feedback device to emulate the resistance of a physical surface 

while the pen is moving through the air. Other tools reduce the user’s manual effort by 

beautifying strokes [65,171]. Beautification is the process of transforming informal and 

ambiguous freehand input to more formal and structured representations [133]. For 

example, Fiorentino et al. [65] presented an algorithm that filters the position data and 

segments the stroke into sections, and for each segment, they create a smooth Bézier 

curve. Other tools let users draw on planes [10,76,104] or shapes [70,203] to reduce the 

effect of depth perception errors in stereo display systems. These systems include Digital 

Tape Drawing [76], which surrounds the drawing with a cubic volume so users can select 

an axis-aligned plane and position it in the desired place before drawing on it. Users can 

also create non-planar surfaces onto which they can later draw. ImmersiveFiberMesh 

[149] automatically fits a plane through the stroke. Kim et al. [104] present another 

example, where users can create curved surfaces with 3D hand gestures. The user can 

then draw later onto these surfaces with a tablet and pen. Finally, SymbiosisSketch [10] 

utilizes AR to let users draw in 3D using a tablet. In this system, the user positions the 

tablet manually in 3D space and uses the tablet screen as the current drawing surface. 

Users can then use it to create surfaces and draw on them. 

Immersive 3D drawing tools also need to assist users in creating the intended 

shapes by helping them understand the spatial relationships between strokes. Such 

knowledge helps users better plan their next stroke, as knowing the proper spatial 

relations among components of an object is critical for easy object identification [12]. Also, 

correctly visualizing a 3D shape while drawing it, affects user performance positively, too 

[112]. One way to address this problem is to let users move around their drawing since 

viewing a 3D object from multiple viewpoints helps create a mental model of that object 

[163,186]. An essential characteristic of immersive 3D drawing tools is that they let users 

easily change their viewpoint [10,63,70] by walking around their drawing. Some tools also 

support changing the sketch position and orientation by moving the viewpoint using the 

“grab the air” interaction technique [162] or a variation of it. This provides another option 

to manipulate the drawings. For example, ImmersiveFiberMesh [149] and Digital Tape 

Drawing [76] allow two-handed pan and zoom interaction, in which hand movement 
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direction specifies the camera movement. Lift-Off [93] lets users grab the drawing with 

their non-dominant hand and reorient it by moving that hand. Pressing a button on the 

drawing stylus allows users to change the scale, and the system then uses the distance 

between the hands to scale the drawing. 

However, many of these systems require continuous mode-switching or other 

interaction techniques, which can be intrusive and take the user out of the sketching 

experience. For example, Rieuf and Bouchard [160] found that designers have to invest 

more time in manipulating and controlling the virtual environment than in sketching. The 

design of the user interfaces of previously presented systems often also fails to distinguish 

between a lack of shape-likeness and a lack of stroke precision. Many times, this creates 

user interfaces that make it impossible to create drawings that have high shape-likeness 

while still consisting of loose, expressive strokes, as these user interfaces tend to over-

constrain the user actions. In contrast, I propose to create user interfaces that help users 

better understand the environment around them, to avoid errors in shape likeness. Next, 

I will describe the general design decisions I made for my user interfaces. 

6.1. Design Decisions 

With the knowledge acquired from studying the 3D sketching planning sub-actions, 

my goal is to afford novice users the full freedom of immersive 3D drawing, without losing 

stroke expressiveness, and to reduce the effort required to create accurate 3D shapes 

and precise strokes. To assist novice users in 3D sketching during the conceptual design 

phase, I propose two user interfaces that support the planning phase of the stroke creation 

process. In chapter 3 I explained that in this phase, the person plans the physical actions 

and makes the aesthetic decisions to create the new stroke. In the next paragraph, I further 

explain my reasoning for this decision. 

6.1.1. Novice Users 

Novice users lack the knowledge and physical abilities to use sketches to 

accurately communicate their ideas [11,37], which limits the type of drawings they can 

make to, for example, using stick figures to depict humans. Consequently, I decided to 

create user interfaces that help novice users draw better 3D shapes. This decision 
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requires that my proposed user interfaces are easy to understand and learn, as novice 

users might also become frustrated by a complex UI and stop using the system completely 

[168,174]. Moreover, novice users do not know how to behave inside the virtual 

environment while drawing. Therefore, my user interface design should also address the 

errors made by low spatial ability users while drawing that affect the shape of their 

drawings (chapter 4), as a way to help such novice users avoid these errors. 

6.1.2. Conceptual Stage 

I decided to focus on the conceptual design phase, as previous work found that it 

is in this phase where a user will limit their creativity to fit their abilities or the system’s 

features [86,110,113]. However, as stated in chapter 2, immersive 3D sketching does not 

suffer from the problems standard CAD systems have and it affords the ability of drawing 

directly in 3D. Considering this, I decided to create user interfaces for the conceptual stage 

that allows users to be accurate without over-constraining their movements. 

6.1.3. Planning Phase 

In chapter 2.2, I describe the importance of the stroke planning phase, as it is 

where the user plans how to draw what they are thinking [64,77]. For example, once the 

user starts doing a stroke, they have already made a lot of important decisions regarding 

their hand position and hand movement direction. However, these decisions may have 

been based on erroneous information, e.g., due to insufficient or conflicting information 

due to stereo display deficiencies or the difficulty of working in a 3D virtual environment. 

Based on this, I decided to create user interfaces that help users during the stroke planning 

phase to help overcome the challenges of immersive 3D sketching. For example, 

improvements to the planning phase will help users in better identifying the spatial 

relationships between strokes to enable them to better plan new strokes more correctly.  

6.2. Research Design 

As stated in section 6.1, the user interfaces I propose aim to help novice users 

better develop and communicate their ideas during the conceptual design phase by 
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improving their stroke quality and shape likeness of their 3D sketch. I used research 

question RQ3 to design and evaluate them: 

RQ3: How can 3D user interfaces for drawing in 3D virtual environments help 

novice users improve their stroke quality and shape likeness (without affecting their 

expressiveness)? Immersive 3D sketching systems based on freehand drawing allow 

users to express their 3D ideas, as they can draw directly in 3D in a fast and flexible way 

[205]. However, current freehand drawing systems are less accurate, in comparison to 2D 

sketches as well as 3D geometric drawings, which can affect the sketch [9]. I believe that 

one way to address this problem in user interfaces for 3D sketching is to offer better 

support during the stroke planning phase, as users can utilize tools in that phase that 

“provide functionality that goes beyond straight one-to-one mappings of body movements 

to operations on digital geometry” [93], without constraining their input, which would affect 

their final sketch [61,86,110,199]. Based on this belief, I use my knowledge of the effects 

of depth perception problems in stereo displays and the user’s spatial ability on 3D drawing 

to create better 3D drawing tools. I focus on tools that help novice users improve their 

stroke quality and the shape likeness of the drawings as a way to help them communicate 

their ideas better. 

H6: Visual guides that help users plan their stroke increase user drawing accuracy 

in VR. Previous work has studied the effect of orientation indicators in 3D CAD systems 

[69,103,212] and found that a good orientation indicator improves user accuracy for shape 

recognition. Inspired by the effectiveness of orientation indicators, I expect that 

incorporating visual guides in 3D drawing tools will improve the stroke quality and shape 

likeness of 3D drawings compared to systems without guides as users can plan their 

drawing better. 

H7: Visualizing the spatial relationships between strokes better increases user 

drawing accuracy in VR. The user’s spatial ability affects their final drawing [28], as they 

need to consider the spatial relationships between objects while drawing [12]. Therefore, 

I expect that a user interface that helps novice users understand the spatial relationship 

between strokes better will help users improve their 3D drawing regardless of their spatial 

ability. 
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6.3. Proposed User Interfaces 

6.3.1. Multiplanes 

My first user interface is 

called Multiplanes and utilizes the 

geometric relationship between 

strokes to create virtual drawing 

planes and trigger points to help 

users plan their next stroke. 

6.3.2. Smart3DGuides 

The second user interface is 

called Smart3DGuides and utilizes 

visual guides to help users identify 

errors in their actions and to plan 

their next stroke without restricting 

their movements.  

Chapter 6 

Barrera Machuca, M.D., Asente, P., Stuerzlinger, W., Lu, 

J. and Kim B., (2019) Multiplanes: Assisted Freehand 

VR Sketching, ACM SUI 2018, 36-37 

 

Chapter 7 

Barrera Machuca, Asente, P., and M.D., Stuerzlinger, W. 

(2019) Smart3DGuides: Visual Guides to Make 

Unconstrained Immersive 3D Drawings More 

Accurate, submitted to VRST2019, in review 
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Chapter 7.  
 
Multiplanes 

In this chapter, I present and evaluate a user interface called Multiplanes. 

Multiplanes is designed to assist with the 3D sketching planning sub-actions positioning 

the hand to start the stroke in space as intended in all three dimensions and planning the 

hand movement to identify the correct direction and length of the stroke by providing 

trigger points and drawing surfaces. 

I published this user interface in the paper “Multiplanes: Assisted Freehand VR 

Sketching” [18] presented at ACM SUI in 2018, and as a demo “Multiplanes: Assisted 

Freehand VR Drawing” [14] presented at ACM UIST 2017. I co-authored these papers 

with Paul Asente, Wolfgang Stuerzlinger, Jinwgan Lu, and Byungmoon Kim. 

Contributions: This paper started as an internship at Adobe Research. As the 

main contributor to this paper, I was responsible for the implementation of the system and 

the experimental setup. I was also responsible for conducting the experiments, collecting 

and analyzing the data as well as planning and writing the first draft. The conceptualization 

of the design was done collectively with Dr. Asente, Prof. Stuerzlinger, Dr. Lu and Dr. Kim. 

They were also supervising and reviewing the paper.  

7.1. User interface overview 

Multiplanes aims to assist freehand VR drawing stroke planning by helping novice 

users: a) identify the correct visual depth for drawing their strokes and b) draw more 

accurate 3D shapes. Multiplanes supports the creation of drawings where accurate 

depictions of 3D shapes and their spatial relationships matter, for example, to show that 

a shape is a cube or that edges of two shapes are aligned. But users do not need to 

precisely know the proportions of the objects or to render a realistic view of the object. To 

achieve this, Multiplanes automatically identifies drawing surfaces and beautification 

trigger points based on previous and current strokes, and the current controller position 

and orientation to support sketching. The system also automatically beautifies straight 

lines, arcs, and circles while the user is drawing them. Through the user interface of 
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Multiplanes, designers can focus more on sketching and less on planning their stroke, i.e., 

less on finding the correct stroke position in space and on performing precise hand 

movements. 

 

Figure 18 Multiplanes features A) automatic snapping planes, B) beautification 
trigger points, and C)real-time beautification. 
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7.2. Contributions 

In contrast to other systems that use virtual drawing planes [10,76,104,149], 

Multiplanes uses a mixed approach in which the user controls the general position and 

orientation of the stroke, but the system automatically selects an appropriate drawing 

plane based on the controller pose (position and orientation) and the position of previous 

strokes. These planes can be positioned and rotated in 6DOF, which then enables the 

user to create 3D drawings from planar strokes. Another feature of Multiplanes is that, 

when appropriate, it automatically beautifies the users’ stroke to create simple geometric 

3D shapes without requiring additional user interaction. However, in contrast to other 

systems that post-hoc beautify strokes [65,66], Multiplanes does the beautification in real 

time, so users can accept or reject the beautification by adjusting their hand-movement. 

The contributions of this system are the following: 

• Automatic snapping planes: I present a new technique that automatically 

generates potential drawing planes based on the current controller pose and 

previous strokes. As the user see the predicted planes before starting to draw, they 

can correct their behaviour until they see the prediction that matches their 

intention. Multiplanes currently only supports drawing on planar surfaces. 

• Beautification trigger points: based on the shape of the current stroke and its 

geometric relationship with the controller, my system automatically creates a new 

kind of visible guide, called beautification trigger points. Moving the controller close 

to such a trigger point while drawing triggers potential beautification of the current 

stroke. 

• Real-time beautification: I introduce a new method for automatic identification 

and beautification of strokes while the user is drawing them. 

• Evaluation: I evaluate the usability of Multiplanes in a first user study and compare 

it with freehand 2D and 3D drawing in a second one. 
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7.3. Paper: Multiplanes: Assisted Freehand VR Sketching 

 

Figure 19 Step-by-step process of drawing two adjacent faces of a cube with 
Multiplanes. First the user draws a square on a plane in space 
(images 1-5) and then a secondsquare(images 6-8) on an orthogonal 
plane that is suggested based on the controller orientation. 
Beautification trigger points help the user to keep stroke length 
uniform. Stroke beautification ensures straight lines 
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7.3.2. Abstract 

The presence of a third dimension makes accurate drawing in virtual reality (VR) 

more challenging than 2D drawing. These challenges include higher demands on spatial 

cognition and motor skills, as well as the potential for mistakes caused by depth perception 

errors. We present Multiplanes, a VR drawing system that supports both the flexibility of 

freehand drawing and the ability to draw accurate shapes in 3D by affording both planar 

and beautified drawing. The system was designed to address the above-mentioned 

challenges. Multiplanes generates snapping planes and beautification trigger points based 

on previous and current strokes and the current controller pose. Based on geometrical 

relationships to previous strokes, beautification trigger points serve to guide the user to 

reach specific positions in space. The system also beautifies user’s strokes based on the 

most probable intended shape while the user is drawing them. With Multiplanes, in 
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contrast to other systems, users do not need to manually activate such guides, allowing 

them to focus on the creative process 

7.3.3. Author Keywords 

Virtual Reality Drawing; 3D User Interfaces; Depth Perception; Spatial Cognition 

7.3.4. CSS Concepts 

• Human-centered computing: Virtual Reality, User Studies, User Interface 

Design 

7.3.5. Introduction 

High quality Virtual Reality (VR) devices, such as the HTC Vive and the Oculus 

Rift, are now easily available to the public. These products have rekindled interest in using 

VR technologies in the design process by letting users draw directly in a 3D virtual 

environment. An example of a commercial product for 3D drawing is Tilt Brush [70]. Most 

of these tools build on the freehand drawing technique, in which the stroke follows the 

controller position. Although this technique provides an intuitive and effective method of 

conceptualizing new shapes, which helps in the creative process [205], prior work shows 

that the resulting drawings are less accurate than 2D sketches [9,157]. One possible 

explanation is that depth perception errors prevent the user from realizing the desired 

stroke, because they cannot see accurately enough where they are drawing in space–

especially in relation to other content [9,194]. Another possible reason is the higher 

difficulty of the task, as the additional third dimension could result in higher cognitive and 

sensorimotor demands [206]. Finally, the absence of a physical surface also affects 

drawing accuracy [9]. 

In this paper, we present a system called Multiplanes, which assists freehand VR 

drawing a) by helping users identify the correct visual depth for drawing their strokes and 

b) by helping users draw perfect shapes (Figure 19). Our system aims to be used in the 

early stages of the design process for situations where accurate depictions of shapes and 

their spatial relationships matter, for example, to show that the shape is a cube or that 

edges of two shapes are aligned. Following Lim’s [113] classification of sketches based 
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on their visual features, such sketches are part of the perceptual level of the design 

process, with the other levels being functional and conceptual [113]. Multiplanes is 

positioned at an intermediate stage between “pure” sketching and “pure” computer-aided 

design. To achieve this our system automatically identifies drawing surfaces and guides 

based on previous and current strokes and the current controller pose. Our system also 

automatically beautifies circles and lines while the user is drawing them. Through the user 

interface of Multiplanes, designers can focus more on the creative process and worry 

less–or not at all–about finding the correct stroke position in space. Our contributions are 

the following: 

• Automatic snapping planes: we present a new technique that 

automatically generates potential drawing planes based on the current 

controller pose and previous strokes. 

• Beautification trigger points: based on the shape of the current stroke 

and its geometric relationship with the controller our system automatically 

creates a new kind of visible guides, called beautification trigger points. 

Moving the controller into such a trigger point while drawing triggers 

potential beautification of the current stroke. 

• Real-time beautification: we introduce a new method for automatic 

identification and beautification of strokes while the user is drawing them.  

• Evaluation of all the above: we evaluate the usability of Multiplanes in a 

first user study and compare it with freehand 2D and 3D drawing in a 

second study 

7.3.6. Related Work 

Challenges of 3D drawing in VR 

Drawing is an important element of human expression since it is an efficient way 

to convey or record information and/or to start the design process [197]. Previous work 

has studied the challenges of 3D drawing and its usability for 3D content creation in VR. 

One example is Arora et al. [9], who analyzed the factors affecting the human ability to 

sketch in VR environments. Their goal was to identify the reasons behind the efficiency 
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difference between 2D and 3D drawing. Compared to 2D drawing, drawing accuracy in 

VR decreased 148%, as measured via the mean overall deviation from a target stroke. 

They also found that visual guidance, in which users try to follow the guide with the 

controller; can improve mid-air sketching accuracy, but leads to worse aesthetic quality of 

strokes, as measured by curve fairness. They identify these problems to be a 

consequence of the lack of a physical surface and the depth perception issues associated 

with VR devices. 

Wiese, et al. [206] investigated the learnability of freehand sketching in VR. They 

hypothesized that the difference between 2D and 3D drawing could correspond to higher 

manual effort and error proneness or to higher cognitive and sensorimotor demands. Yet, 

they were notable to identify which of the two reasons is the specific cause. However, they 

found that the users’ sensorimotor skills for 3D drawing improve rapidly over time.  

Finally, Tramper and Gielen [194] investigated the differences between eye-hand 

coordination in the frontal plane and in the depth plane while doing tracking and tracing 

tasks. They found differences in the coordination of gaze and finger position for both 

planes. For example, for tracking, gaze leads finger position in the frontal plane but lags 

behind the finger in the depth plane. Based on these results they conclude that the 

different lead times reflect differences in the dynamics of visuomotor control for coupled 

eye movements in the same lateral/vertical direction, known as version, and independent 

eye movements in opposite directions for depth accommodation, known as vergence. 

3D Drawing 

Irrespective of the challenges for 3D drawing, there has been a boom in VR 

drawing tools. Such systems rely on 3D input with VR controllers to let users draw 3D 

strokes. Some earlier systems such as 3DM [36], HoloSketch [49] or CavePainting [98], 

showed the possibilities of directly drawing in 3D, without promoting 2D lines into 3D 

space. Similar to them, newer commercial systems, for example Quill [63], FreeDrawer 

[205], and Tilt Brush [70], directly map the stroke position to user movement with a 

freehand drawing technique. Freehand drawing is easy to learn and everybody can 

operate these systems regardless of their experience level with VR systems [166,205]. 

Also, such systems are powerful enough that even an experienced user can be satisfied 

with the drawn results [167]. However, one problem with freehand drawing systems is that 



91 
 

they are less accurate, in comparison to2Dsketches as well as 3D geometric drawings, 

which can affect the final productor outcome [9]. 

To solve this problem, Jackson and Keefe noted, “new tools are needed that 

provide functionality that goes beyond straight one-to-one mappings of body movements 

to operations on digital geometry” [93]. Examples of such systems are those that project 

the 3D position to a plane to remove a DOF from the stroke creation process. For example, 

Digital Tape Drawing [76] surrounds the drawing with a cubic volume so users can select 

an axis-aligned plane and position it in the desired place before drawing there. Users can 

also create non-planar surfaces onto which they can later draw. Another example is 

ImmersiveFiberMesh [149], which automatically fits a plane through the stroke. Yet 

another example is Kim et al. [104], where the users can create curved surfaces with 3D 

hand gestures. The user can then draw later onto these surfaces with a tablet and pen. 

Finally, SymbiosisSketch [10] utilizes AR to let users draw in 3D using a tablet. In this 

system the user positions the tablet manually in 3D space and uses the tablet screen as 

the current drawing surface. Users can create surfaces and then draw on them. In 

contrast, Multiplanes uses a mixed approach in which the user controls the general 

position of the stroke, but the system automatically selects an appropriate drawing surface 

based on the controller pose and the position of previous strokes. Another difference is 

that Multiplanes currently only supports drawing on planar surfaces. These surfaces can 

be positioned and rotated with 6DOF to create 3D drawings from planar strokes. 

Other systems use novel metaphors to constrain user actions. For example, 

Drawing on Air [99] uses the metaphor of “drawing” by applying/rolling tape. This system 

also uses a force feedback device to emulate the resistance of a physical surface while 

the pen is moving through the air. Finally, Lift-Off [93] lets users select curves from a 2D 

image previously positioned in space and then rotate these curves with two 

hands/controllers until they are in the desired pose. As these curves already have their 

final shape, users only need to focus on positioning them. With Multiplanes we wanted to 

avoid introducing novel UI metaphors to keep the flexibility of freehand drawing for 

sketching [113]. Yet, for structured drawings, novel UI metaphors can produce visually 

better results than systems that support only freehand drawing. When appropriate, 

Multiplanes automatically beautifies the users’ hand movement to create simple geometric 

shapes without requiring additional user interactions. 
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3D Drawing Beautification 

Another area of research relevant to 3D drawing is beautification, which is the 

process of transforming informal and ambiguous freehand input to more formal and 

structured representations [133]. According to Wiese et al. beautification is useful in 3D 

drawings since “creating a volumetric shape require users to make connections between 

several 2D objects, which is an error-prone action consequence of the depth perception 

problems that limit the user ability to exactly locate a previously drawn object point in 

space” [206].The main challenge in this area is correctly interpreting the users’ intentions 

while they are making such freehand sketches, because, by nature, such drawings are 

informal and ambiguous. 

An example of a beautification algorithm for 3D drawings is the work of Fiorentino 

et al. [65], which beautifies a user stroke as the user is creating it in an immersive freehand 

3D sketching system. Their method first filters the position data to reduce noise, and then 

segments the stroke into sections using position, speed and curvature. Finally, they create 

spline points to create a smooth Bézier curve from the different segments. Rausch et al. 

proposed an approach [157], where they use a fuzzy logic algorithm for primitive shape 

recognition and a textual description language to define compound symbols to identify 

sketches done in a fully immersive freehand 3D sketching system. The first step of their 

algorithm is to separate each stroke into segments that are then recognized as primitives. 

Using those primitives, they analyze the whole sketch by matching it to previously learned 

symbols. This process happens after the user finishes the current stroke, and the system 

can group strokes together. In contrast to these algorithms, which smooth a curve but do 

not recognize the type of the shape [65], or recognize the shape and perform beautification 

only after the stroke is complete [157], Multiplanes’ beautification algorithm automatically 

beautifies strokes in real-time as the user is drawing them. 

7.3.7. Design Goals 

Freehand (2D) sketching has an important role in the early phase of the design 

process [61,62,113]. However, such 2D design representations can be highly ambiguous 

and difficult to interpret, as they are composed of different symbols, including annotations, 
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and diagrams, that represent the visual features and spatial relations between objects 

[113]. For example, a sketch of a room with its furniture needs to consider the orthogonality 

of the walls and the furniture and maintain an appropriate proper size relationship between 

the furniture and the room. Moreover, the designer should be able to annotate the furniture 

to specify its color and material. Another problem with 2D design sketches is that 

designers need to understand the 2D representations of 3D objects, which requires strong 

visual intelligence and spatial skills [34]. Sketching in 3D can help simplify these problems 

since the drawings are done directly in a 3D environment. An advantage of sketching 

compared to3D modeling is the short creation times, as 3D modeling require users to 

focus on the model geometry in addition to the design process. 

However, 3D sketches are often more inaccurate than their 2D counterpart. Wiese, 

et al. [206] identified two possible causes for the differences in accuracy between 2D and 

3D drawing. First,3D drawing requires higher manual effort, making this activity more 

prone to errors than 2D drawing. Second, 3D drawing demands a higher cognitive and 

sensorimotor load. Tramper & Gielen [194] attribute this to the differences between the 

dynamics of visuomotor control for lateral/vertical (version) eye movements–which roughly 

speaking corresponds to drawing on a plane directly in front of a user–and vergence eye 

movements –which occur with visual depth changes. Based on this research, our main 

design goal is to reduce the user effort to create accurate strokes, accurate angles, and 

accurate aligned or snapped vertices while drawing in VR systems by reducing the 

cognitive load and error proneness of 3D drawing. Our system assists at the perceptual 

level of the design process by helping designers draw sketches where the spatial 

relationship between features is accurate. To achieve this, we build on the guidelines 

proposed by Arora et al. [9] for 3D drawing and Stuerzlinger and Wingrave [179] for 3D 

user interfaces, and identify the following requirements of our system: 

Show the most appropriate drawing surface: due to the limitations of depth 
perception in VR 

Positioning objects floating in free space accurately is hard. However, guiding the 

user with a drawing surface improves accuracy. Therefore, our system always shows the 

most appropriate drawing surface based on the current controller pose. Such a surface 

also highlights geometrical relevant relationships to previous strokes to help the designer 

to better sketch the spatial relationships between objects. 
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Every stroke needs a parent surface 

Our system projects every stroke onto a surface to remove one degree of freedom 

from the inaccuracies introduced by the user’s arm movement. Parenting all strokes to a 

surface makes the creation of orthogonal and parallel strokes easier. This method helps 

to mimic 2D pen and pencil sketching in 3D. 

Incorporate visual guides into the 3D world 

Our system shows guide surfaces and points as 3D objects inside the composition, 

with shading and occlusion as depth cues, to make it easier for users to generate accurate 

results. Also, we use small spheres as guides, which have the smallest possible visual 

impact on the 3D content. This also avoids tracing actions in which the user follows a 

guide with their hand, which have been shown to decrease user accuracy. 

Let users participate in the beautification process 

Most beautification systems infer a user’s drawing intention after they finish the 

stroke. Doing the beautification in real-time during the stroke lets users adapt and correct 

the result before finishing the stroke by appropriate changes to their hand movement. This 

permits user to achieve their desired result, even if the initial beautification result is not the 

desired one, which reduces the need to re-draw a stroke. The current implementation 

detects circles, arcs, and lines. 

Minimal use of GUI and gestures 

Our system bases its guides and plane predictions on the current position and 

rotation of the controller and information about the closest previous stroke, which reduces 

user’s cognitive demands since they do not have to learn/remember gestures or GUI 

options. 

7.3.8. Multiplanes 

In Multiplanes, users directly draw freehand in the virtual environment. To diminish 

the freehand drawing problems like the inaccuracies produced by the changes in depth, 

every stroke is projected onto a surface. To further simplify the drawing, Multiplanes 
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recognizes the type of stroke based upon the geometric relationship between controller 

position and previous strokes and automatically beautifies the user stroke to the identified 

type. If the geometric relationships do not suggest any known shape, the system leaves 

the stroke as a general curve that follows the hand movement, so users are still able to 

draw arbitrary shapes. 

3D Snapping 

 

Figure 20 Illustration of the different guide types based on the distance to the 
closest vertex. 

Two of our main interactions, the drawing surface generation and the beautification 

trigger points (BTPs), require identification of the closest vertex of the closest stroke to the 

current controller position and rotation. To identify this vertex our algorithm proceeds as 

follows: first we calculate the angular distance, which we compute as a dot product 

between each stroke’s parent plane normal and the direction the controller is pointing. 

Then we add that value to the distance from the controller to the vertex. This gives us a 

weighted distance based on the controller rotation. Using this distance, we find the closest 

vertex and stroke. Once we find the closest stroke, the system visually outlines it to provide 

feedback to the user as to which stroke is influencing the system. Our system also uses 

the distance to the closest vertex to show the correct guides. As explained before this 

distance is calculated with the current controller position. The potentially available guide 

types are vertex, stroke and plane, Figure 20. We empirically choose the appropriate 

distances to heuristically change among types based on human depth perception 

limitations [148]. For the vertex type, the controller needs to be closer than 5cm to the 

stroke; for the stroke type, the controller needs to be closer than 5 cm in visual depth and 

inside a 50 cm radius of the stroke; and for the plane type, the controller needs to be 
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between 5cm and 50 cm in visual depth to the stroke. To change between guides and 

create BTPs users only need to move the controller closer to the stroke/feature they want 

the guide to follow from. For example, if they want to create a BTP based on the end vertex 

of a stroke, they would move the controller towards that vertex. Once the controller is less 

than 5cm from the end, the BTP automatically appears. 

Drawing Surface Generation 

A main feature of our system is the generation of virtual surfaces, called drawing 

surfaces, onto which strokes are projected. Our approach removes the need for the user 

to press buttons or perform gestures to define such a surface. At the same time, it still 

leaves the user in control of the process. In contrast to our approach, manually activated 

systems suffer from the limits of human depth perception and the need to control 6DOF 

simultaneously, which make it difficult to accurately position such a plane [9,179]. This 

problem can further be aggravated in immersive virtual environments by the need to move 

around to find the best view to position such a plane. On the other hand, fully automatic 

systems may frustrate users by removing their sense of agency [114,149].  

In Multiplanes, we implemented an enhanced 3D version of a previously presented 

surface creation approach by Igarashi and Hughes [88] called Suggestive Interface, in a 

desktop interface with a mouse as input device. However, their work only supports lines, 

while we also allow curves, arcs, and circles. We also use the 3D controller pose inside 

the virtual environment and previously created surfaces to define the position and rotation 

of the new surface. The surface generation involves two states. In the first state, the user 

creates a feedback surface while they move the controller in the virtual environment. Such 

visualizations have been shown to be a good approach to handle 3D drawing in immersive 

environments [76], where they improve user accuracy. In the second state, the user then 

creates a drawing surface, a static visual guide, upon which the user then can draw new 

strokes. This approach also helps users understand the assistance provided by the 

system and lets them make corrections in real time. In contrast, in other systems, such as 

ImmersiveFiberMesh [149], when the plane is created after the user draws a stroke, users 

need to do an additional interaction step to change the plane position.  
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Feedback Surface: 

In every frame, the 3D snapping algorithm returns the closest stroke parent 

surface. Together with the controller pose, the system then decides on the most 

appropriate feedback surface for that frame. Our algorithm first calculates the relationship 

between the controller rotation and the rotation of the closest stroke parent surface using 

the dot product of their normal vectors with a threshold. The possible relationships we 

consider are parallel, perpendicular, acute 45° and no relationship. The angular tolerance 

for determining the controller relationship is 10° for parallel and acute 45°, and 15° for 

perpendicular planes. These values were heuristically chosen through a pilot study, where 

participants preferred a higher angular tolerance for perpendicular surfaces than for 

parallel and acute45° surfaces. To avoid confusing users through the automatic change 

between planes, each plane type has a unique color. The second step uses this 

relationship to determine the drawing surface position and rotation. We rotate the plane 

based on the coordinate system of the stroke’s parent surface. However, if the controller 

is inside a beautification trigger point (BTP, see below), we use the local coordinate system 

of the BTP instead. We calculate this local coordinate system from the stroke information 

and its parent plane. The first vector of the coordinate system, the normal vector, is the 

plane normal; the second, the right vector, depends on the type of geometry (the stored 

direction vector for lines and circles, or the right vector of the plane for general curves). 

The third vector, the forward vector, is defined by the cross product between those two 

vectors. This extra information allows users to better visualize the orientation of a new 

stroke compared to previous strokes. Table 7 summarizes the relationship between these 

elements. Finally, our algorithm checks if the feedback surface is similar to a previously 

saved surface. To do this, we compare the new surface against all the stored surfaces by 

calculating the dot product of both surface normal vectors. If they are parallel, we then see 

if the new surface position is on the second surface by calculating the distance between 

the new surface and the old surface. To consider a surface similar to a previous one, the 

distance needs to be smaller than 5 cm [148]. When a new surface is in a similar position 

and orientation to a saved plane, we copy the saved surface values to the new surface  

Our feedback surface is a 5 × 5 cm square. We decided to highlight the surface 

edges as the user needs to perceive where the surface is in space and the orientation of 

infinite surfaces is harder to perceive without texture [193]. This size also helps the user 

perceive the surface as part of their hand/controller/drawing device. The color of the 
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feedback surface enables the user to see the values used to create it. Green is for existing 

surfaces rotations (i.e., parallel planes), yellow for perpendicular surfaces, orange for 

acute45° surfaces, and blue for entirely new surfaces. Based on our experience in pilots, 

we expect that users quickly associate each color with a specific relationship. 

Table 7 Drawing Surface Rotations 

 

Drawing Surfaces 

Once the user starts drawing, the system creates a static surface with the same 

rotation and position as the displayed feedback surface. The system stores the surface if 

it is a new one, which allows the system to refer later to it for the creation of feedback 

surfaces. If the surface is not new, we add the new stroke to the previously generated 

surface. 

Beautification Trigger points (BTPs) 

We created a new type of guide called a beautification trigger point (BTP). These 

points trigger actions when the user starts or ends a stroke inside them, or when they are 

crossed during drawing, see Figure 21. This way we can improve user accuracy and at 

the same time avoid tracing actions, which are detrimental to the aesthetic quality of 

strokes [9]. Previous work used points to show vertex positions like end points and 

intersections [21], but BTPs also show geometrical relationships like parallel strokes. In 

addition, by embedding the trigger points directly inside the 3D environment, we enable 

the user to benefit from multiple depth cues (the BTPs are rendered as textured spheres, 

which diminish in visual size with distance), which improves spatial perception. 
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Figure 21 Different BTPs generated depending on stroke shape and the 
relationship between the plane and controller normal vectors. 1) 
Vertex; 2) Local coordinate system, created when another BTP is hit; 
3) Vertices forming lines parallel to the snapping stroke; 4) Vertices 
forming tangent line to the circle; 5) 8 circle offset BTPs, to make it 
easier to perceive the shape of the offset circle; 6) Vertices forming 
lines perpendicular to the snapping stroke. 

In Multiplanes, BTPs have multiple functionalities. First, when the user is not 

drawing, they work as normal snapping points and effectively help to define starting 

positions on vertices of previous strokes. They also show where to create a stroke relative 

to previous strokes with a given geometric relationship, such as parallelism, 

perpendicularity, or offset circles. The distance of the parallel and perpendicular BTPs to 

the stroke is the same as the stroke length. For the circle offset BTPs the distance to the 

stroke is the same as the controller distance to the stroke. Second, while the user is 

drawing, BTPs show position(s) where ending the current stroke will snap to a previous 

drawn stroke. BTPs also help to avoid user mistakes, such as selecting a wrong snapping 

plane or performing a careless hand movement, since hitting a BTP automatically triggers 

the 3D stroke beautification module (described below) and updates the drawing surface 

coordinate system with the BTP coordinate system. Triggering the 3D stroke beautification 

module can result in the stroke being beautified, based on criteria specific to the module. 
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Table 8 BTP Types 

 

BTP creation 

In each frame, regardless if the user is drawing or not, the system creates BTPs 

when the 3D snapping algorithm returns a new closest vertex or changes the guide type. 

To do this our system uses the closest stroke type, the guide type and the current 

mathematical relationship to the controller calculated when creating the drawing surface. 

Table 8 explains how these values interact with each other. To avoid the generation of too 

many points inside the virtual environment, once we have created a list of potential BTPs, 

our system uses their position to compare them with existing BTPs. The system does not 

store such a duplicated BTP, except when the old point is a local coordinate system BTP, 

in which case the system deletes the old BTP. With this strategy, we avoid having old local 

coordinate systems affect the drawing plane when they do not match the current stroke. 

Then we add the new BTPs to the existing ones and calculate the distance and direction 

for each BTP to the controller. To further limit the number of points, we keep old BTPs 

generated by a different stroke only if the controller is getting closer and oriented towards 

that BTP. Finally, to reduce the visual clutter of showing all potential BTPs, we identify the 

fifteen BTPs that are closest to the controller and display only those. 

BTP hit 

In our system, users can interact with BTPs by “colliding” with them, i.e. 

intersecting them with the controller while drawing a stroke. This collision can be part of a 

longer movement, i.e. when users are drawing strokes with multiple sections, which makes 

it similar to the crossing-based interfaces from Accot and Zhai [1]. Or a BTP can be hit at 

the end of the stroke, to finish the stroke at that position. Regardless of the user intention, 
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if the controller hits a BTP, we first change its color to yellow and send a vibration to the 

controller to give the user haptic feedback that they reached the correct point in space. 

Then, we create special BTPs called Local Coordinate System (LCS) BTPs based on the 

strokes’ local coordinate system. With LCS BTPs, users can make use of a local reference 

frame, if desired, which helps, for example, with drawing right-angled geometry regardless 

of orientation of the “base feature”. LCS BTPs are used to keep an implicit record of the 

orthogonality between two strokes. They are also useful creating strokes parallel to 

diagonal strokes. If the user is drawing when they hit a BTP the drawing surface is oriented 

automatically to map the coordinate system to the local coordinate system of the BTP. 

Hitting a BTP triggers the 3D stroke beautification module, which may result in a 

beautification depending on the stroke. A stroke section is an independent segment of a 

stroke, created when the user hits a BTP. Once a new section is created, the stroke 

beautification module no longer uses stroke points from previous sections. This approach 

is computationally efficient and lets users create complicated shapes with a single multi-

section stroke. Finally, if the user exits the BTP during drawing we delete that BTP to avoid 

creating multiple redundant stroke sections 

3D Stroke Beautification 

Our 3D beautification algorithm identifies the type of stroke based upon the 

geometric relationship between controller positions (Figure 22) and automatically 

beautifies the user stroke to the identified type, either circle or line. Automatic identification 

of the stroke type while the stroke is being drawn gives users automatic feedback about 

the detected shape and lets them change their hand movement to approve or disapprove 

that identification. Because we focus only on simple shapes in the current prototype, we 

only beautify lines and circles, with the objective to see how beautification affects the 

quality of the results. 

Our algorithm works as follows: first we identify the shape of the section by using 

a list of controller positions. To reduce noise, we only save controller positions that are 

separated by at least 1cm in space. For this identification, the current section point list 

needs to have more than four positions –having fewer positions almost always results in 

a line. Once we have the required number of positions, we compute the curvature vector. 

For this, we utilize the 1D version of the 2D surface Laplace-Beltrami operator [151] by 

applying the finite element method to diffusions along 1D curves in 3D space. The resulting 
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1D Laplace-Beltrami operator in 3D space is computed as follows: let the current vertex 

be p, and the previous and next vertices be pi-1and pi+1.Let 

𝐿−1 =  ‖𝒑 − 𝒑𝒊−𝟏‖, 𝑎𝑛𝑑 𝐿1 = ‖𝒑𝒊+𝟏 − 𝒑‖   ( 3 ) 

The curvature normal is then: 

𝑯 =
(

(𝒑𝒊+𝟏−𝒑)

𝐿1
−

(𝒑−𝒑𝒊−𝟏)

𝐿−1
)

(𝐿1+𝐿−1)

2

     ( 4 ) 

 

From H, we then compute the curvature k = ||H||. We also compute the steering 

angle, the angle that indicates the rotation between p, pi+1and pi-1, as 

cos−1 (
(𝒑−𝒑𝒊−𝟏)

𝐿−1
 ⋅  

(𝒑𝒊+𝟏−𝒑)

𝐿1
  )     ( 5 ) 

From the curvature and the steering angle of each vertex, we calculate the average 

curvature, the mean angle, and the number of times that the angle changes direction (the 

zero-cross rate of the steering angle) for that section. Depending on these values we 

identify the section as a line, a circle, an arc or a general curve. We determined the 

threshold values heuristically by having users draw specific shapes multiple times in a 

pilot study and finding the optimal threshold parameters that works for most cases. The 

second step is to calculate and store the geometric properties of that section depending 

on its type. For general curves we store the start, middle and end vertices, for lines we 

store the start, middle and end vertices, plus line direction and length, and for circles we 

store the radius and the center position. 

The start, middle and end vertices are taken directly from the vertex list of the 

section. The line direction and line length are calculated using the start and end vertex 

positions. To calculate the radius and center we create a circumscribed circle for our points 

list. This involves creating a triangle for every 3 vertices by calculating its edges and then 

calculating the normal using the edges. The radius from those 3 vertices is the magnitude 

of the normal and the center is calculated using the barycentric coordinates equation. We 

avoid doing a regression, as we know that all our points are already in the same plane. 

Once we have the radius and center for every 3 vertices, we calculate the mean of those 

values to get the current section radius and center. The final step is to calculate the 
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beautified stroke positions using the line or circle equation and the calculated values. 

Again, we use the 2D equation of a circle and line, as they are projected into a plane. 

 

Figure 22 Line and circle beautification. The third column overlays both to 
facilitate comparisons. 

Other User Interactions 

Our system supports two additional interactions methods. They permit the user to 

change the stroke size and color (Figure 23). Stroke size can be adjusted by moving the 

thumb vertically on the touchpad in the right-hand controller. Stroke color can be adjusted 

by moving the left thumb on the left-hand controller touchpad. The color space is an HSL 

plane with saturation on the vertical axis and hue on the horizontal one. 

 

Figure 23 Controller user interface for Multiplanes 
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Implementation 

We implemented this system using Unity (version 5.6.1f1) in C# on a 3.60 GHz PC 

with Windows 10 and an nVidia GTX1080. For the virtual reality headset, we used an HTC 

Vive with two standard HTC Vive controllers. Figure 24 show an example of a cube created 

with the system. 

 

Figure 24 Example of a cube created with the implemented system. (Left) with 
Multiplanes and (right)freehand drawing 

7.3.9. Evaluation 

We evaluated Multiplanes with two user studies on novice users. One qualitative 

study evaluated the usability and functionality of our prototype. The second quantitative 

study compared the quality of 2D and 3D sketches done with our prototype to freehand 

3D drawing. We choose to compare our system with freehand drawing to let users focus 

on the underlying strokes without the distractions of all other features available in 

commercial systems. Also, having a single software for running our study reduced the 

effect of small differences in interface methods and standardized the logging. 

Usability Study 

Participants 

We recruited eight participants from the undergrad university community. Five 

were female. All of them were between 18 and 24 years old. Among all participants only 

25 % had drawing experience in VR. 
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Methodology 

First, participants were introduced to the features of Multiplanes. Then participants 

used the system in a practice phase until they felt comfortable with drawing in 3D. 

Subsequently, they were asked to do a set of simple exercises to test their knowledge of 

the features. These exercise tasks were create a line, create a circle, change color and 

size of a stroke, draw a cube, and draw a smiley face. Once participants could complete 

these tasks, they were instructed to perform the main task: to draw a 3D chair. Participants 

were shown a picture of a chair on a piece of paper and the experimenter explained its 

elements to the participants (Figure 25a). They were then instructed to draw the chair as 

accurately as possible, to make sure that all strokes touch each other and to avoid adding 

any extra elements to the sketch. Then participants drew the same chair 5 times: one time 

using only drawing surfaces, one time using only BTPs, one time using only beautification, 

one time using the full system and one time freehand. When only beautification was 

enabled, all strokes triggered the beautification module. While drawing, participants were 

asked to use the “think-aloud” method to explain their actions. Between each drawing 

interaction method, participants filled a questionnaire and were interviewed briefly about 

that interaction. We used the same order for all conditions for the first 3 drawings (drawing 

surface, BTPs, and beautification) to enable users to practice each functionality before 

trying the full system. For the last 2 drawings (full system vs freehand) the order of 

conditions was counter-balanced across participants. For the full system and freehand 

drawings participants only did the interview. We recorded a video of the participant’s 

display and their voice while they were drawing, as well as their voice during the interview 

sections. 

Design 

Participants answered a multipart questionnaire about ease of interaction, 

perceived speed, perceived accuracy and overall opinion for each interaction method. In 

the interview participants answered questions about their experience while drawing the 

chair and their opinion about the system and the interactions. 

Results, Observations & Discussion 

All participants could complete the tasks, see Figure 25b for several examples. 

Results from the questionnaire were lower than expected (average of 4.5 on the 7-point 
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Likert scale), see Table 9 for individual scores. However, it was particularly interesting 

that, although the scores rated Multiplanes as “medium”, in the interview six participants 

talked positively and were excited about the system and its features. For example, 

participant 4 said “I liked when you combined all [methods] together, because when I was 

drawing the chair, I could match the points. I took this plane here and this beautification 

points here. Make sure that it matches up, then I draw them together.” On a similar note, 

participant 5 responded to the same question in a similar way, “I loved the full system, like 

it helps with [drawing] flat[content]. And I can use it to see if [things are] perpendicular or 

parallel”. Finally, participant 1 said that “it gives a good idea where you are drawing, 

because it helps you see how the planes are correlated in 3D”. 

 

Figure 25 a) The picture of a chair shown to participants b) Three examples of 
chairs created with the implemented system 

The two participants that did not like the full system both experienced problems 

activating the features, especially the BTPs and the beautification. For example, 

participant 2 said that “the system doesn’t detect the beautification”. This, together with 

the “think-aloud” transcripts, leads us to believe that the scores correspond more to 

problems with the prototype than real problems with the proposed interactions. Figure 25b 

illustrates some of these problems, with some strokes not being beautified and some not 

snapping to previous strokes. 
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Table 9 Study 1 Likert Scores 

 

When asked about the BTPs, most participants liked their functionality. For 

example, participant 4 said that “when I was looking at the other side, it kind of helped me 

to double check to see if everything was good. And it was easy because it kind of [popped 

up]and show[ed]me this [BTP] point here to draw the line here”. However, they complained 

that sometimes the BTPs got in their way, especially the circle offset BTPs. For example, 

participant 3 said that “[I] wanted to draw one line freely, but the points were in the way. 

This was frustrating”. When asked about the plane creation and the automatic snapping 

algorithm, participants used the change in color to identify the different relationships, for 

example participant 2 said that “works fine, I understand the [plane] colors. Look for it [the 

color]and get it fast”. Some participants found the automatic snapping algorithm too 

sensitive but were still able to use it. For example, participant 4 said that “[the plane was] 

a little bit jerky at times when I was trying to switch to a different plane. But when I was 

trying to draw to a new plane, it worked really well”. Finally, when asked about the 

beautification module, participants also had positive words about it. For example, 

participant 6 said that “[beautification] will create the lines perfectly straight and circles into 

proper circles instead of distorting them with different starting points. So that was a good 

one”. One problem that participants identified was that the algorithm was not sensitive 

enough and sometimes they felt that it was not beautifying their stroke as expected, for 

example, participant 1 said that “I think [it] was trying to, but it keep creating a line 

automatically”.  

We also analyzed the participant’s opinion about drawing freehand. Most 

participants complained about having problems when they tried to connect strokes and 

when trying to draw in the same plane without assistance. These results agree with 

previous work [9]. More important, four participants said they preferred Multiplanes as it 
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helped them solve these problems. For example, participant 6 stated that “I will add the 

plane because you can draw in a particular dimension or axis, rather than beginning in a 

certain axis and ending in another”. And participant 8 stated that “drawing freehand is hard 

because it has no plane and no points”. Therefore, based on the interview answers we 

believe that Multiplanes fulfills its design goal to simplify 3D drawing by making it easier 

to draw shapes accurately, particularly by removing the need to correctly judge the depth 

of a stroke while drawing. 

Study 2: Comparison with freehand drawing 

In this study we aimed to compare the quality of Multiplane drawings with freehand 

3D sketches. We used a similar version of Multiplanes, with fixes for some of the usability 

problems that might have affected the results of the first study.  

 

Figure 26 a) The sketch of a flower in a pot shown to participants. B) The sketch of 
a 3D house with a tree shown to participants 

Participants 

We recruited six paid participants from the university community. 50% were 

female. 50% of the participants were between 18 and 24 years old, 34% were between 

25-34 years old, and 16% were between 35 and 44 years old. Among all participants only 

33% had drawing experience in VR. 

Methodology 

Participants experienced the same introduction, training and explanation phase as 

in study 1. Figure 26 shows the sketches shown to participants to explain the task. 
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However, in this experiment participants performed two drawing tasks, each with 

Freehand and Multiplanes, for a total of four drawings. The first drawing was a 2D sketch 

of a flower in a pot and the second one was a 3D house with a tree (Figures 9 and 10). 

For the 2D sketching tasks, participants were not permitted to move away from their 

starting position. For the 3D sketch tasks participants were encouraged to move around 

the sketch. We evaluated both 2D and 3D sketches, because we wanted to see if the 

accuracy problems in VR drawing are caused only by depth perception errors or also by 

the user spatial perception of the 3D environment and their navigation within it. Such 

issues may become more pronounced when the user moves around in the virtual 

environment than when they stay in the same place. Between drawing tasks, participants 

were permitted to rest for up to five minutes. Once participants finished the 3D task, they 

were asked to answer a questionnaire. Screen recordings of the participants were done 

to later evaluate the quality of the drawings. 

 

Figure 27 Examples of 3D drawings created by participants (top Multiplanes, 
bottom Freehand). 

Design 

The study used a 2x2 within-subjects design. The independent variables were 

interaction technique (freehand and multiplanes), and sketch type (2D and 3D). The order 

of conditions across both dimensions was counter-balanced across participants. We 

coded their final drawings using the method from Wiese et al. [33] to evaluate the quality 

of the drawings based on the strokes. This coding method evaluates the quality of a 

drawing using four categories: a) line straightness, b) matching of line pairs, c) degree of 
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deviation, and c) corrective movements. Drawings can get up to 3 points in each category 

and the total score is the sum of these values (maximum 12 points). Finally, participants 

answered a usability questionnaire similar to study 1. 

 

Figure 28 Examples of 2D drawings created by participants (top Multiplanes, 
bottom Freehand). 

Results & Discussion 

All participants could complete the tasks, see Figure 27 & Figure 28 for several 

examples. We analyzed the total scores for each drawing using repeated measures 

ANOVA with α = 0.05. The data was normally distributed. Table 10 shows the average 

scores for each condition. Statistical results are reported below: 

 

Figure 29 Drawing Scores for each interaction technique divided by sketch type. 
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Interaction Technique (F1, 5 = 107.8, p < 0.001): overall, there was a significant 

main effect of score on interaction technique, see Table 10 and Figure 29. Average score 

for drawings made with Multiplanes (m = 9.9, SD = 1.24) were significantly higher than for 

freehand drawings (m = 7.8, SD = 1.34). Cohen’s d = 1.6 identifies a large effect size. 

Sketch Type (F1, 5 = 12.11, p < 0.05): overall, there was a significant main effect of 

score on sketch type, see Table 10 and Figure 29. The average score for 2D drawings (m 

= 9.7, SD = 1.37) was significantly higher than for 3D drawings (m = 8.1, SD = 1.56). The 

effect size was again large (d = 1.1). Interaction Technique × Sketch Type (F1, 5 = 0.05, p 

=0.83): there was no significant main effect of interaction technique on sketch type. 

Although our study had a small number of participants, the effect sizes were large, 

and the mean difference between groups is larger than one standard deviation. Together 

with the visually more appealing drawings created with Multiplanes, this motivates us to 

believe that Multiplanes is better than freehand drawing for VR sketching. 

Table 10 Study 2 Drawing Accuracy Scores, higher scores are bolded 

 

When analyzing the questionnaire results, most participants liked the freedom of 

freehand drawing. Yet, the results also show that they appreciated the benefit of higher 

accuracy achievable with Multiplanes. Moreover, they rated the ease of interaction, 

automatic and unobtrusive beautification, and the BTP functionality high (average of 5.5 

on the 7-point Likert scale or better). The results of study 2 together with those from study 
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1, confirm that Multiplanes help increase accuracy when drawing in VR by providing 

interactions that help reduce depth perception and visuomotor errors. 

An interesting finding was that for both systems 2D drawings had higher scores 

than 3D drawings. This finding is also reflected in the questionnaire results, where the 

ratings for the 2D sketches were in general higher. These results lead us to hypothesize 

that the higher cognitive load when drawing in VR is not only a consequence of depth 

perception issues and higher visuomotor skill requirements, but also reflects challenges 

with the user’s spatial perception of the environment. 

7.3.10. Conclusion 

We presented Multiplanes, a VR freehand drawing assistant that incorporates 

novel interaction techniques, which help users be more accurate. Our work aims to help 

users, especially non-artists, in creating sketches of concepts or ideas that rely on 

geometrical relationships between strokes, such as parallel features. For the current 

controller pose and stroke, Multiplanes automatically identifies an appropriate drawing 

surface. The system then also displays guides beautification trigger point guides, called 

BTPs, based on previous strokes. These guides show geometrical relationships to 

previous strokes and snapping points. Multiplanes also automatically beautifies a stroke 

in real-time while the user is drawing it or when users hit a BTP. Our two studies identified 

that participants liked the system and appreciated the increased accuracy they could 

achieve with it. Not only that, but an analysis of the stroke quality show that Multiplanes 

drawings had a better quality than freehand drawings. We believe that this difference is a 

consequence of our design since Multiplanes addresses some of the depth perception 

and visuomotor errors present in VR systems, which cause problems, for example, when 

joining two lines or correctly identifying the drawing surface of a stroke. In the future we 

plan to extend the functionality of Multiplanes. 

Limitations 

In our current system we only implemented planar surfaces as we wanted to focus 

on evaluating our automatically generated surfaces in a reasonably simple context. This 

approach limits the variety of sketches that can be created in our system to planar shapes. 

We believe the design of the Multiplanes interaction techniques can be generalized to 
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non-planar surfaces, perhaps based on arcs or freeform curves, which will let users draw 

shapes such as animals and humanoids. We plan to include such types of surfaces in a 

future version of our system. Another limitation is that the beautification system only 

beautifies to arcs, circles and lines. In the future, we plan to further improve our system to 

use a larger variety of shapes, including spline curves.  

7.3.11. Acknowledgments 
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Chapter 8.  
 
Smart3DGuides 

In this chapter, I present and evaluate a user interface called Smart3DGuides. The 

user interface of this system supports the 3D sketching planning sub-actions positioning 

the hand to start the stroke in space as intended in all three dimensions, planning the hand 

movement to realize the correct direction and length of the stroke, and choosing a good 

viewpoint and view direction in 3D space by providing non-constraining visual guides. 

I presented this work in the paper “Smart3DGuides: Visual Guides to Make 

Unconstrained Immersive 3D Drawings More Accurate”, currently in review at ACM 

VRST 2019. I co-authored this paper with Paul Asente and Wolfgang Stuerzlinger. 

Contributions: As the main contributor to this paper, I was responsible for the 

implementation of the system and the experimental setup. I was also responsible for 

conducting the experiments, collecting and analyzing the data as well as planning and 

writing the first draft. The conceptualization of the design was done collectively with Dr. 

Asente and Prof. Stuerzlinger. They also supervised and reviewed the paper. 

8.1. User interface overview 

Smart3DGuides consists of a set of three visual guides that help novice users 

improve the shape-likeness and stroke precision of VR freehand sketching without 

reducing the expressiveness of their hand movements. As stated before, it is important to 

create sketches with appropriate shape likeness and stroke quality because a sketch 

helps designer communicate their thoughts to other persons [62]. My interface design 

implicitly helps users to identify mistakes during the planning phase of drawing a stroke 

[95], so they can proactively fix these errors before starting the stroke. Schmidt et al. [167] 

identified two types of errors in 3D sketching. Mechanical errors or noise, where the user 

stroke has low quality, and errors of intent, where the user shape is wrong, and which the 

user does not identify until they change their viewpoint. These errors appear in users of 

all skill levels with varying frequency, but especially for novice users that do not have the 

spatial ability or the skills to identify errors of intent. Then, drawing can become a 
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frustrating activity [167,168]. Therefore, it is important to create tools that allow users to 

identify problems in their drawings early on. It is also important to help low spatial ability 

users in the planning phase because it is this phase where low spatial ability users can 

get confused about correctly positioning their next stroke [37,64]. Finally, providing novice 

users with the ability to create their intended shape will help them better communicate 

their ideas and thus to utilize the advantages of immersive 3D sketching fully. 

 

Figure 30 Smart3DGuides a) SG-cylinders, b) SG-crosshair, c) SG-lines 

Smart3DGuides automatically shows visual guidance inside the virtual 

environment to help novice users avoid mistakes during the three planning sub-actions 

described in chapter 2.2, which are viewpoint orientation, hand positioning, and planning 

of the hand movement direction. This visual guidance is based on the current user view 

direction, controller pose, and previously drawn strokes, and provides users with additional 

depth cues and orientation indicators. Next, I will describe each Smart3DGuide: 

• SG-cylinders: This guide gives users a frame of reference that adapts to the shape 

they are sketching. This is similar to 2D drawing, where users can orient the canvas 

according to the drawn stroke direction, which is impossible in VR without help. 

• SG-crosshair: This guide uses the controller orientation to set the global viewpoint 

orientation axis. For 2D drawing, this reference frame would be similar to placing 

a ruler with a specific orientation on the paper.  
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• SG-lines: This guide aims to improve the global orientation by showing the global 

axes in the current view, helping users plan their hand movement using fixed lines 

around the content. For 2D drawing, this reference frame is similar to using a grid. 

8.2. Contributions 

The proposed Smart3DGuides interface reduces the constraints on the user’s 

actions, for example by eliminating widgets such as snapping points [18,21], linear 

perspectives guides [11,104], user templates [203,209] or snapping grids [9,90]. The 

Smart3DGuides are visually minimal but support creating complex 3D shapes since its 

interface automatically adapts to the previously drawn content, the current viewpoint and 

direction, and the user’s hand pose in space. Smart3DGuides also focuses on helping 

novice users improve their shape-likeness and stroke expressiveness more than stroke 

precision. My contributions through this interface are the following: 

• Identification of common user mistakes while drawing in 3D in VR: I identify 

several common errors that users make while drawing in VR: poor choices of 

viewpoint or direction, incorrect initial hand positions, and incorrect hand 

movement directions. 

• Smart3DGuides: Generated visual guides inside the virtual environment in real 

time using the current user view direction, controller pose, and previously drawn 

strokes. These guides help users visualize potential planned actions better and 

address common drawing errors during VR drawing. 

• Evaluation: Evaluation of Smart3DGuides in a first user study and compare it with 

freehand 2D and 3D drawing in a second one.  



117 
 

8.3. Paper: Smart3DGuides: Making Unconstrained 
Immersive 3D Drawing More Accurate 

 

Figure 31 (a) Target 3D model, and (b) 3D drawings made without and with 
Smart3DGuides. 

8.3.1. Authors 

Mayra D. Barrera Machuca, Wolfgang Stuerzlinger, Paul Asente 

8.3.2. Abstract 

Most current commercial Virtual Reality (VR) drawing applications for creativity rely 

on freehand 3D drawing as their main inter-action paradigm. However, the presence of 

the additional third dimension makes accurate freehand drawing challenging. Some 

systems address this problem by constraining or beautifying user strokes, which can be 

intrusive and can limit the expressivity of freehand drawing. In this paper, we evaluate the 

effectiveness of relying solely on visual guidance to increase overall drawing shape-

likeness. We identified a set of common mistakes that users make while creating freehand 

strokes in VR and then designed a set of visual guides, the Smart3DGuides, which help 

users avoid these mistakes. We evaluated Smart3DGuides in two user studies, and our 

results show that non-constraining visual guides help users draw more accurately 

8.3.3. Author Keywords 

Virtual Reality Drawing, 3D User Interfaces, Drawing 
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8.3.4. CSS Concepts 

• Human-centered computing: Virtual Reality  

8.3.5. Introduction 

The recent availability of relatively inexpensive high-quality Virtual Reality (VR) 

headsets has made immersive 3D drawing tools available to artists and those in fields like 

architecture and industrial design. For these users, drawing objects directly in 3D is a 

powerful means of information exchange, avoiding the need to project the idea into a 2D 

sketch [91]. Especially for architecture and industrial design professionals, this allows 

them to sketch ideas without using the conventions used to represent 3D objects in 2D, 

which can require extensive training [80,102]. Most current commercial tools, including Tilt 

Brush [70], GravitySketch [73] and Quill [63], let users directly draw 3Dobjects in a virtual 

environment (VE) using freehand drawing. This technique is intuitive, easy to learn and 

use for conceptualizing new shapes, which assists the creative process [205]. Despite 

these claimed advantages, prior work shows that the resulting 3D sketches are less 

accurate than 2D ones [9,206]. Various explanations for this difference have been 

proposed, including depth perception issues [9,194], higher cognitive and sensorimotor 

demands [206], and the absence of a physical surface [9]. 

Broadly speaking, the inaccuracies of 3D sketches fall into two independent 

categories: lack of shape-likeness and lack of stroke precision. A 2D analogy is helpful 

here. A drawing of a square lacks shape-likeness if the overall shape is not close to being 

square, no matter how straight the lines are or how precisely they meet at their ends. A 

drawing lacks stroke precision if the strokes are not reasonably straight or do not meet at 

their ends. While lacking shape-likeness is almost never desirable [91,127,197], low stroke 

precision is often intentional since it can make a drawing more expressive [46]. Further, 

drawings that are excessively precise violate the principle that “preliminary ideas should 

look preliminary” [50,202]. This may affect the design process since users often focus on 

details instead of the overall design [161]. Still, some limited assistance for stroke quality 

might be helpful, as it can be difficult to draw even straight lines [9,206] and simple shapes 

[17] in VR. 
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A good user interface should help the user achieve an appropriate and intended 

stroke quality for the drawing. Various methods have tried to address this inaccuracy; see 

related work. However, many require mode-switching or other interaction techniques, 

which can be intrusive and take the user out of the freehand drawing experience. They 

also often fail to distinguish between lack of shape-likeness and lack of stroke precision, 

making it impossible to create drawings that have high shape-likeness while still containing 

loose, expressive strokes. In 2D, visual non-constraining guides enable likeness while still 

allowing expressivity. They help users draw accurately but do not snap, straighten or re-

position the strokes in any way. Figure 32 shows a drawing made with Adobe Photoshop 

Sketch [4], using non-constraining visual perspective guides. These guides let the artist 

achieve accurate perspective, analogous to high shape-likeness, while allowing loose, 

expressive strokes. 

 

Figure 32 Adobe Photoshop Sketch drawing with high shape-likeness and 
intentionally loose stroke quality. By Ian Eksner. 

Visual guides in 2D are typically in a separate layer behind the user’s drawing. The 

direct 3D analog would be a lattice in space, but this would be far too intrusive and 

distracting. Perspective makes it dense in the distance, and close parts would appear 

between the user and the drawing, blocking the view and shifting distractingly as the user’s 

head position changes. 

In this paper, we present Smart3DGuides, a set of visual guides that help users 

improve the shape-likeness and stroke precision of VR freehand sketching without 

eliminating the expressiveness of their hand movements. Our interface design implicitly 

helps users to identify potential mistakes during the planning phase of drawing [95], so 
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they can proactively fix these errors before starting a stroke. Our work extends beyond the 

physical actions, defined by Suwa et al.’s design-thinking framework [181] as those that 

create strokes, to better describe the process of planning a stroke. Previous work has 

shown that this technique provides good insights into the cognitive process [45,97]. We 

identified three necessary sub-actions when planning a stroke in VR: choosing a good 

view-point and view direction in 3D space, positioning the hand to start the stroke in space 

as intended in all three dimensions, and planning the hand movement to realize the correct 

stroke direction and length. To achieve our goal, Smart3DGuides automatically shows 

visual guidance inside the VE to help users avoid mistakes during these three planning 

sub-actions. This visual guidance is based on the current user view direction, controller 

pose, and previously drawn strokes, and provides users with additional depth cues and 

orientation indicators. 

We are explicitly not aiming to replace 3D CAD software, which is appropriate for 

late stages of the design process. Instead, we see Smart3DGuides as a way to make 

freehand VR drawing more useful during the conceptual stage of the design process [113], 

when sketches help the designer develop thoughts and insights, and that are used to 

transmit ideas [102]. Previous work has found that VR drawing during the conceptual 

stage adds to the design experience and enhances creativity [160]. Our contributions are: 

• Identifying sub-actions for planning a stroke in VR: We identify three 

user planning sub-actions: choosing the viewpoint, the initial hand position, 

and the movement direction. 

• Smart3DGuides: An automatically-generated visual guidance inside the 

VE that uses the current user view direction, controller pose and previously 

drawn strokes. Smart3DGuides help users realize potential planned 

actions and address common drawing errors. 

• Smart3DGuides Evaluation: We evaluate the accuracy of Smart3DGuides 

in a user study that compares them with freehand 3D drawing and with 

visual templates. Our results show that non-constraining visual guides can 

improve the shape-likeness and stroke quality of a drawing. We also did a 

usability study of Smart3DGuides, in which participants found our visual 

guides useful and easy to use. 
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8.3.6. Related Work 

Sketching is an iterative process with different phases [95], including planning, 

when the user plans a new stroke and creation, when the user draws the stroke. To create 

better user interfaces, it is important to understand the different challenges users face in 

each phase, both in 2D and 3D. 

User Errors During Drawing 

Previous work has studied the cause of user errors during 2D drawing. For 

example, Ostrofsky et al. [140] studied the effect of perception on drawing errors. They 

identified that perceptual and drawing biases are positively correlated. In other words, an 

inaccurate perception of the object being drawn causes drawing errors. Chamberlain and 

Wagemans [42] studied the differences between misperception of the object and drawing 

in more depth. They conclude that delusions, i.e., errors in the conception of the image, 

have more impact on the success of drawing than illusions, i.e., errors in the perception 

of an image. They also found that individual differences in visual attention reliably predict 

drawing ability but did not find a strong effect of user motor skills. We did not find any work 

that identifies the reasons behind drawing errors in VR. 

Challenges for 3D Drawing in VR 

During the planning phase, users face challenges related to depth perception and 

spatial ability. Arora et al. [9] identified that depth perception problems affect 3D drawing. 

These problems are a known issue with stereo displays, in particular distance under-

estimation [158] and different targeting accuracy between movements in lateral and depth 

directions [16,20]. They contribute to incorrect 3D positioning of strokes, as the user needs 

to consider spatial relationships while drawing [11]. Sketching requires individuals to use 

all elements of their spatial ability [28,138,165] and their spatial memory of the scene [172]. 

Previous work found a relationship between the user’s spatial ability and their 3D drawing 

ability [17], their 2D drawing ability [138,165], and their ability to create 3D content [28]. 

During the creation phase, users face challenges related to eye-hand coordination. For 

example, Wiese et al. [206] found that 3D drawing requires higher manual effort and 

imposes higher cognitive and sensorimotor demands than 2D drawing. This higher effort 

is a consequence of the need to control more degrees of freedom during movement 

(3/6DOF instead of 2DOF). Tramper and Gielen [194] identified differences between the 
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dynamics of visuomotor control for lateral and depth movements, which also affects eye-

hand coordination. Arora et al. [9] found that the lack of a physical surface affects accuracy 

since users can only rely on eye-hand coordination to control stroke position 

3D Drawing Tools 

Early systems like 3DM [36], HoloSketch [49] and CavePainting [98] demonstrated 

the potential of a straight one-to-one mapping of body movements to strokes for 3D 

drawing. This technique, called freehand 3D drawing, is easy to learn and use [205]. With 

it, users create strokes inside the VE by drawing them with a single hand. Yet, the unique 

challenges of 3D drawing in VR reduce the accuracy of user 3D strokes compared to 2D 

ones with pen and paper [9,206]. Previous work explored different user interfaces for 

accurate drawing in a 3D VE. Some approaches use novel metaphors to constrain stroke 

creation [11,54,93], while others beautify the user input into more accurate representations 

[18,65,171]. A third class of approaches helps avoid depth perception issues by drawing 

on physical or virtual surfaces, e.g., on planes [10,18,76,104] or non-planar surfaces 

[70,203]. However, work on creativity has found that users limit their creativity based on a 

system’s features and that constraining user actions can have negative effects [113,142]. 

Another approach is to use various types of guides. Some 3D CAD systems use 

widgets to constrain user actions, like snapping points [18,21], linear perspective guides 

[11,104], and shadows that users can interact with [100]. Others use visual templates 

[92,203,209], which are static 2D or 3D guides that the user can trace after positioning in 

the VE. Other types of templates are 2D or 3D grids that provide global visual feedback 

[9,90]. A final approach uses orientation indicators in 3D CAD systems [69,103] to help 

users identify local and global rotations. 

In contrast to previous work, our Smart3DGuides interface does not constrain user 

actions and does not use templates. Our guides are visually minimal but support creating 

complex shapes since our interface automatically adapts to the previously drawn content, 

the current viewpoint and direction, and the user’s hand pose in space. Our 

Smart3DGuides also focus on helping users improve their shape-likeness and stroke 

expressiveness over precision 
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8.3.7. Immersive 3D Sketching Stroke Planning Sub-Actions 

This work aims to reduce the potential for errors in VR drawing. The lack of 

previous work on the causes of such mistakes made our first goal be understanding user 

actions in VR sketching when planning a stroke. We tackle this by dividing them into sub-

actions, an approach that has been shown to help understand complex cognitive 

processes [181]. We believe that helping users avoid mistakes in these sub-actions will 

result in better sketches. On the other hand, a mistake done in one planning sub-action 

can affect the others. We focus on three planning sub-actions, all affected by the 

challenges of 3D drawing. We hypothesize that they are crucial to drawing accurately in 

VR and call these sub-actions VR stroke-planning actions: 

a. Orientating the viewpoint relative to the content: This planning 

sub-action helps users position their view to draw a precise stroke. 

It requires users to correctly identify the objects shapes and the 

spatial relationship between objects [12]. Correct identification of 

a3D shape is view-dependent [187,211],  especially  if  the  user  is  

focusing  on  another  task [192]. For 3D sketching, Barrera et al. 

[17] identified that the way users move around their drawings 

affects the shape-likeness of the sketch. Based on this, we assume 

that a good viewpoint is one that lets the user correctly identify the 

previous strokes’ actual shape so they can plan the next stroke. For 

example, accurately identifying a previous stroke’s direction is 

needed to draw a new stroke that is parallel to it. To measure this 

sub-action, we assume that the deviation between the real stroke 

and the perfect one quantifies the error in viewpoint orientation: if 

users do not position their viewpoint correctly, they may not be able 

to see the stroke deviating from the intended position. This is an 

extension of Schmidt et al.’s [167] work, in which they identified that 

for 3D curve creation in 2D, the drawing viewpoint affects accuracy. 

We expect that strokes made from a good viewpoint will have 

smaller deviations than those made from a bad viewpoint. 

b. Hand positioning: This planning sub-action helps to accurately 

position a stroke in space. It is needed to match strokes to previous 
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content, which is required for high-quality sketches [206]. This 

planning sub-action needs users to correctly perceive their hand 

position in space, and can be affected by depth perception issues 

of stereo displays [16,20] and the lack of a physical surface [9]. Both 

Arora et al.’s [9] and Barrera et al.’s [17] work identify depth as a 

variable that affects the stroke precision and shape-likeness. Thus, 

we assume that the distance from the start vertex to the closest 

adjacent previous stroke quantifies errors in hand positioning. We 

expect that fewer errors in the hand positioning sub-action will result 

in smaller distances between strokes. 

c. Planning the hand movement direction: This planning sub-action 

needs users to plan their hand movement in the correct direction to 

avoid corrective movements and drawing axis changes [206]. It 

poses high demands on distance perception [101,158] and spatial 

abilities [28,64,138]. Following Arora et al. [9] and Wise et al. [206], 

we assume that the amount of corrective movement at the end of a 

stroke quantifies this planning sub-action. We expect that fewer 

errors in the movement direction will result in smaller corrective 

movements. 

Based on the above-mentioned work on 2D drawing errors and the challenges of 

3D drawing, we hypothesize (H1) that helping users avoid errors in VR stroke-planning 

actions increases the stroke precision and shape-likeness of the drawing. We expect that 

being able to visualize the effect of their VR stroke-planning actions improves drawing 

accuracy compared to no visualization. A possible confound is the combination of several 

mistakes while creating a stroke, which is amplified by the lack of a physical surface [9] 

and issues with eye-hand coordination [206]. However, if a user correctly plans a stroke, 

such errors should affect the final sketch less. 

8.3.8. Study 1: Immersive 3D Sketching Stroke Planning Sub-Actions 

The objective of this study was to verify that we can identify VR stroke-planning 

actions, and to inform the design of our visual guides. Thus, we recreated real-world 

sketching conditions, letting participants follow their own sketching strategies, even though 
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we limited the drawn shape. This approach lets us observe the participant’s drawing 

process but makes it more difficult to use quantitative methods for sketch scoring. Prior 

3D sketching evaluations [9,54,203] were controlled studies in which the participants had 

to follow a pattern, start a stroke in a specific position, do single strokes, or a combination 

of all these strategies. Using their scoring methods in our scenario would require non-

trivial algorithms, like 3D corner detection and shape matching for 3D objects that consist 

of irregular hand-made strokes. Thus, we used a mixture of qualitative and quantitative 

methods to score participant sketches. 

 

Figure 33 (a) Experimental setup, (b) the user’s view and (C)3D models the 
participants attempted to draw. 

Methodology 

Participants 

We recruited ten participants from the local university community (4 female). Two 

were between 18-20 years old, three 21-24 years, four 25-30 years, and one was over 31 

years old. Only one participant was left-handed. 

Apparatus 

We used a Windows 3.6 GHz PC with an NvidiaGTX1080 Ti, with an HTC Vive 

Gen 1, a TPCast wireless transmitter, and two HTC Vive controllers. We provided 
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participants with a 4 m diameter circular walking area free of obstacles (Figure 33a). The 

3Dscene was displayed in Unity3D and consisted of an open space with no spatial 

reference except for a ground plane (Figure 33b). Users used their dominant hand to draw 

the strokes with a freehand drawing technique and their non-dominant hand to specify the 

start and end of each trial. To reduce potential confounds, the drawing system provided 

only basic stroke creation features and did not support features like stroke color, width, or 

deletion. We displayed an image of the current target object in front of the participant 

(Figure 33b). This image disappeared while participants were drawing a stroke to avoid 

simple tracing movements, which are different from drawing movements [71]. 

Shapes 

We used three shapes (Figure 33c), two similar to Shepard and Metzler mental 

rotation objects [173], and one with curved segments, since curves are integral to the 

design process [167]. Choosing geometric shapes with moderate complexity allowed all 

participants to finish the shape regardless of their spatial ability or 3D sketching 

experience. 

Procedure 

Participants answered a questionnaire about their demographics. Then the 

researcher instructed participants on the task. Participants were encouraged to walk and 

move around while drawing. We told participants to draw only the outline of the model and 

to keep the drawing’s size similar to the reference object but did not limit our participants 

in any way once they started drawing. We also told them that we were not evaluating their 

drawing ability or their ability to recall an object, but that they should try to draw the object 

as accurately as possible without adding extra features. Finally, after receiving these 

general instructions, participants were trained on how to use the system. 

At the beginning of each trial and before putting on the VR headset, participants 

saw 2D renderings on paper of the 3D model they were going to draw. They could ask 

questions about the camera position for each view. Once participants felt comfortable with 

the object, they walked to the starting position inside the circle (Figure 33a) and put the 

VR headset on. Then they pressed the non-dominant hand touchpad to start the trial and 

were asked to press that touchpad again when they finished their trial drawing. Each trial 
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lasted a maximum of ten minutes. Between trials, participants rested as long as they 

needed, but at least 2 minutes. Each participant did three drawings in total. 

Scoring 

An author with artistic training scored each drawing in a VE, comparing the user’s 

strokes to the 3D model. The scorer could rotate the sketch to identify errors. We 

standardized the sketches’ sizes by uniformly scaling them to the same height. We also 

rotated the drawings to match the top two corners of the model. For stroke quality we use 

Wiese et al.’s [206] coding method, which evaluates each stroke in four categories: line 

straightness, whether lines connect, how much two lines on the same plane deviate, and 

corrective movements at the end of the line. The evaluator considered each category 

individually and scored each between 0 (very poor) and 3 (very good) for the whole 

drawing, summing to 12 points in total which represents the total stroke quality. Shape 

likeness is a qualitative score based on the proportions of the 3D drawing compared to 

the 3D model, the deviation of each feature from the 3D model’s features, and the 

presence and absence f shape features, i.e., missing, extra, and/or rotated elements. For 

shape likeness, the scorer rated each drawing separately, giving a score between 1 and 

10 using the 3D model as a reference. They then compared all drawings of the same 

participant, and compared each drawing to drawings with similar scores, standardizing 

scores across participants. Similar approaches to qualitative scoring have been used 

before [128,188]. 

Results 

After scoring the sketches, the average scores from the ten participants were the 

following: line precision = 7.5 pts (max 12 pts) and shape likeness = 7.4 pts (max 10 pts). 

The standard deviations were 1.02 pts and 0.91 pts respectively. Based on their average 

shape-likeness score, we selected the best (line precision = 8.97 pts and shape likeness 

= 8.67 pts) and worst participant (line precision = 6.75 pts and shape likeness = 6.01 pts). 

Figure 34 shows their sketches. 
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Figure 34 Drawings by the best and worst participants. 

Discussion 

Our goal was to test whether VR stroke-planning actions are present and to see if 

the challenges of VR sketching cause users to make more errors. As there is no previous 

work that discusses the causes of errors while drawing in VR, we selected the two 

participants with the most complementary results to make it easier to identify how errors 

in VR stroke-planning actions affect the final sketch. Because we cannot know the user’s 

intention for drawing a stroke, we looked only at orthogonal stroke pairs. This approach 

gave us a reference frame for the user’s intention. Although we evaluated each VR stroke-

planning actions separately, we expect that the errors of one sub-action affect the others. 

For each selected sketch, six in total, we extracted pairs of lines and analyzed them to 

calculate user errors. Each pair consisted of one existing line and one line that started 

near an endpoint of that line and that was approximately perpendicular to it. For simplicity 

we excluded lines that were not approximately straight, including the curved lines from 

Shape 1 and cases where the user drew multiple edges with a single connected stroke. 

We also excluded lines that had been traced over previous ones, since tracing is different 



129 
 

from drawing [71], and lines that were not approximately axis-aligned like the diagonal 

lines in Shape 3, since one of our measures is based on projecting lines to their most 

parallel axis. For each pair of lines, we call the previously-drawn line PQ and the new line 

GH (Figure 35). The high-score participant had 108 orthogonal pairs, and the low-score 

participant 113. We used the shapes’ corners to identify the participant’s intent for the new 

stroke and compared it to the actual one to calculate the error foreach planning sub-action. 

 

Figure 35 VR stroke-planning actions calculations. The blue lines are a selected 
pair PQ and GH. (a) Perspective View, (b) top view, and (c) front 
view. 

a) Orienting the viewpoint relative to the content (Figure 35b): To find 

errors in viewpoint orientation, we first project PQ onto its parallel axis to 

construct a new segment P1Q1 and construct a plane GH1 that goes 

through G and is perpendicular to P1Q1. We then compute the distance 

from H to the plane GH1. For the high-score participant this distance was 

on average 12% smaller than for the low-score one (300 vs 340 mm). This 

distance represents the viewpoint error, because the selected viewpoint did 

not allow the participant to see that GH was not perpendicular to PQ. 

b) Hand positioning (Figure 35a): To find errors in hand positioning, we 

calculated the distance between the new line’s start point G and the 

existing line’s endpoint P. We found that for the high-score participant the 

distance was on average 33% smaller than for the low-score participant 

(20 vs 30 mm). This distance represents the hand-positioning error, 

because the position of G does not match P. 

c) Planning the hand movement direction (Figure 35c): We calculated the 

amount of correction by computing the distance between the real end 
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vertex H and the point H2 where the stroke would have ended had it 

continued in the original direction. For the original direction we used the 

start vertex G and a point M halfway along the stroke. The line length, the 

start vertex, and the stroke direction give a probable ending point H2. For 

the high-score participant this distance was on average 33% smaller than 

for the low-score one (60 vs 90 mm). This distance represents the planning-

direction error, because the position of H2 does not match H. 

In conclusion, we identified that when users make more VR-action errors, their 

shape-likeness and stroke precision scores diminish. These results support our H1 and 

verify that Coley et al.’s [45] work on dividing complex actions into sub-actions helps to 

identify users’ errors. Our results also informed the design of the Smart3DGuides 

introduced below. Limitations of our VR stroke-planning actions analysis include being 

based on a controller instead of a pen, since different tools have differences in accuracy 

[19], and not considering hand jitter, which has an effect on virtual hand pointing [38] The 

amplitude of physiological tremor can be voluntarily modulated [39]. We believe that these 

limitations do not affect the underlying depth perception and spatial orientation issues, 

which are the principal cause of VR-action errors. Other methods to model performance 

using hand and head data, e.g., Fitts’ Law [68], are outside of our scope. 

8.3.9. Smart3DGuides 

We propose Smart3DGuides, a set of visual guides inside the VE that help novice 

users draw more accurately without sacrificing stroke expressiveness. They are purely 

visual and non-constraining— our goal is to help the user position and move the controller 

more accurately, but to have the resulting strokes track the controller position without 

straightening, snapping, or other modification. This gives users the full freedom of 

freehand 3D drawing while reducing its cognitive load and error-proneness. We avoided 

creating an interface that actively guided the user, which could be counter productive 

because we wanted our users to focus on sketching and not on the capabilities of the 

system. Our visual guides help users draw shapes without guessing their intention, which 

would be required for beautification [18,65,171] or with templates [9,209]. Based on 

previous results on automatic visual guides [209], we hypothesize (H2) that using 

Smart3DGuides increases the stroke precision and shape-likeness of the drawing.  
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Table 11 Smart3DGuides summary 

 

We expect that with Smart3DGuides people will draw more accurately than with 

no guides or with manually positioned templates. We designed Smart3DGuides to help 

avoid the errors in VR stroke-planning actions demonstrated in Study 1. The design was 

also informed by guidelines for 3D sketching interfaces by Barrera et al. [17], which 

suggest that a good user interface should reduce the effect of depth perception errors and 

lessen the cognitive and visuomotor demands of drawing in 3D. It should also help users 

understand the spatial relationships between the strokes so that they can draw more 

accurate shapes. Study 1 showed that these challenges directly affect VR stroke-planning 

actions, which in turn affect the final sketch. Thus, a user interface that helps users identify 

errors during VR stroke-planning actions should increase drawing accuracy. We designed 

and evaluated three different kinds of guides: 

a) SG-crosshair uses the controller position and orientation as a reference 

frame. 

b) SG-lines uses a fixed global reference frame that is independent of the content 

and controller.  

c) SG-cylinders uses the existing content as a reference frame.  
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We believe these effectively span the space of visual guide design. All provide 

visual guidance in the important areas of viewpoint orientation, depth, and movement 

guidance, but they provide them in different ways. Table 11 summarizes the differences 

and Section 5.1 provides full details on each one. 

Visual Guides 

 

Figure 36 SG-crosshair always follows the controller orientation and position. 

SG-crosshair  

 This guide (Figure 36) gives the user a reference frame based on the controller 

orientation. It consists of two 3-axis crosshairs drawn in different colors that follow the 

controller position. The first crosshair, RPQ in Figure 36, is oriented using the controller 

local reference frame, shifting as the user changes the controller’s orientation. The 

second, HFG, follows the world reference frame. If the user’s first stroke was 

approximately horizontal, the axes of the world reference frame are the world up vector, 

the direction of the user’s first stroke, and their cross product. If the user’s first stroke was 

not approximately horizontal, we instead use the vector pointing directly away from the 

user. We use lines as visual guidance to better represent the crosshair as an extension of 

the controller that does not react to the strokes. With this guide we tried to simulate using 

a ruler to draw a stroke; after orienting the RPQ crosshair a user can follow it with the 

controller. 

 The deviation between the two crosshairs helps users understand the controller 

orientation relative to the world and the content. SG-crosshair provides viewpoint guidance 
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by letting users match their position and orientation to the world reference frame. It 

provides depth guidance by letting users see where the crosshairs intersect existing 

content. Movement guidance comes from setting the controller orientation relative to the 

world reference frame and then following one of the crosshair axes. 

SG-lines 

 

Figure 37 SG-lines stays static regardless of the controller and stroke orientation. 

This guide (Figure 37) creates a global 3D lattice and displays part of it depending 

on the controller position. It is completely static and does not move or change its 

orientation. The 2D-drawing analogy is a grid. The lattice consists of cubes 20 cm on a 

side and we show cube edges that have an endpoint within 30 cm of the controller. We do 

not render lines if they are too close to the user to avoid having lines point directly at the 

users’ face, and the distance limit prevents displaying an infinite lattice, which would be 

visually too dense. SG-lines provides viewpoint guidance by letting users match their 

position and orientation to the lattice lines. It provides depth guidance by letting users see 

when the controller intersects the lattice. Movement guidance comes from following lattice 

lines. 

SG-cylinders 

This guide (Figure 38) gives users a reference frame that evolves with the shape 

they are sketching. With SG-cylinders we tried to simulate rotating the canvas to better 

correspond to the drawn shape, because the visual guide matches the previous content 

and users can use it to draw the new strokes. To emphasize the connection of the 
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reference frame with the drawn strokes that our system renders as cylindrical tubes, SG-

cylinders uses cylinders for visual guidance. 

 

Figure 38 (a) SG-cylinders when the controller is outside a stroke. (b)-(c) When the 
controller is inside the stroke, theRS cylinder orientation depends 
on the controller orienta-tion, being either completely perpendicular 
to the stroke (b)or following the controller orientation (c). (d)-(f): 
when theuser is drawing, the MN cylinder position stays static 
untilthe drawn stroke is the same length as the previous stroke.The 
MN cylinder orientation matches the previous stroke. 

The SG-cylinders algorithm has two steps. First, we set the fixed reference frame 

(FRF) for the session. This FRF consists of the global up vector, the direction of the user’s 

first stroke, and the cross product between both vectors. If the user’s first stroke was 

vertical, the system uses the vector pointing directly away from the user to create the cross 

product. In the second step, SG-cylinders uses this FRF, the current controller orientation, 

the previous strokes orientation, and the current viewpoint orientation to update the visual 

guides. SG-cylinders consists of two pairs of crossed cylinders drawn in different colors. 
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These cylinders’ position depends on whether the user is drawing or not, and their 

orientation depends on the controller distance to an existing stroke. 

The first cylinder pair is MN, which helps users plan the orientation of their 

viewpoint relative to drawn strokes. MN let users see how their viewpoint is rotated based 

on the FRF. MN functionality is as follows: When the user is not drawing the MN 

intersection point follows the controller position. For orientation, when the controller is 

outside a stroke, the M cylinder points towards the global up vector, helping to position 

content parallel to the walking plane. The N cylinder is parallel to the horizontal axis most 

perpendicular to the view direction of the FRF. If the view direction is between two axes, 

N is rotated 45◦ to show the user that they are viewing the shape from a diagonal view. 

When the controller is inside a stroke, N matches that stroke’s orientation to create a local 

reference frame (LRF) (Figure 38b-c). Once the users tarts drawing, MN remains fixed at 

the position the user started the stroke, and with the orientation it had. However, if the new 

stroke began inside a previous stroke, MN changes its position when the new stroke 

approaches the same length as the previous stroke. The new position shows users where 

the new stroke needs to end to have the same length (Figure 38e-f ). 

The second crossed cylinder pair is SR, which helps users plan their hand 

movement direction. it also helps users position their hand in space, allowing them to see 

their hand position relative to distant content. When the user is not drawing SR follows the 

controller position. For orientation, when the controller position is outside a stroke, the R 

cylinder follows the controller’s forward direction. The S cylinder is perpendicular, following 

the controller’s roll. When the controller is inside a stroke, R’s orientation is perpendicular 

to the stroke direction. And S’s orientation is the same as the stroke direction (Figure 38b) 

if the controller rotation is within 15◦ of being perpendicular to the stroke direction. If it is 

larger than 15◦, it changes to the controller rotation (Figure 38c). When the user starts a 

stroke inside another stroke, the RS cylinders’ position and orientation complement the 

MN cylinders, so users have multiple references inside the VE. R’s position is the starting 

position inside the previous stroke, and its orientation is perpendicular to N. S’s position 

matches the controller position, and its orientation matches M’s orientation (Figure 38e). 

SG-cylinders provides viewpoint guidance by letting users match their position and 

orientation to the MN cylinders. It provides depth guidance by letting users see when the 
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controller is inside a stroke using the RS cylinders and the M cylinder. Movement guidance 

comes from following the cylinders. 

Implementation 

We implemented this system in Unity/C# on the same system used in study 1. For 

the VR headset, we again used an HTC Vive with two HTC Vive controllers and a TPCast 

wireless transmitter. Our system only supports one Smart3DGuide at a given time, which 

prevents mode errors. 

8.3.10. User Study 2: Smart3DGuides Evaluation 

The objective of this study was to see whether guides that are only visual and do 

not embed knowledge of the object being drawn can help users increase their stroke 

precision and shape-likeness. We measure accuracy through shape-likeness, how similar 

a drawn shape is to the target one, and stroke quality, how similar each drawn stroke is to 

an intended one. 

We evaluated our new guides by comparing the quality of 3D sketches done with 

Smart3DGuides, with freehand 3D drawing, and with visual templates. We choose to 

compare our interface to freehand drawing to let users focus on the underlying strokes 

without the distractions provided by the addition of visual guides. We also evaluated non-

constraining visual templates, since we believe them to be the most-used visual guidance 

most similar to Smart3DGuides. Such templates can be found in Tilt Brush [70] and other 

programs. Users can manually place them inside the VE and then trace over them; usual 

shapes are planes, cubes, cylinders and spheres. We also compared the performance of 

the three Smart3DGuides since each is based on a different reference frame. 

Participants 

We recruited twelve new participants from the university community, none of which 

had been part of User Study 1. Five were female. One participant was between 18-20 

years old, six 21-24 years, four 25-30 years, and one was over 31 years old. Only one 

participant was left-handed. The participants’ frequency of drawing with pen and paper 

was that one drew every day, two a few times a week, five a few times a month, two once 

a month, and two less than once a month. For 3D modelling, three modelled a few times 
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a week, one about once a week, and eight less than once a month. For drawing in VR, 

eight participants had never drawn in VR before, two a single time, and two between 2-4 

times. 

Apparatus, Procedure, Scoring 

First, we evaluated the spatial abilities of each participant through the VZ-2 Paper 

folding test [60] and Kozhevniko’s spatial orientation test [108]. Based on the participant’s 

scores in both tests, we used results from previous work [17,109] to separate our 

participants into two groups, low spatial ability (LSA) and high spatial ability (HSA). 

Through screening in the initial study phase, we ensured that we had equal numbers of 

participants with high and low spatial ability. Hardware setup and experimental procedure 

were identical to study 1, but each participant drew a single shape five times. Each session 

lasted 40 to 60 minutes, including the time for the spatial ability tests. The software was 

updated to show the Smart3DGuides. Users again used their dominant hand to draw the 

strokes with the freehand drawing technique. We used the same qualitative scoring 

method for the final sketches as in study 1. To avoid confounds, the scorer did not know 

the participant’s spatial ability or the sketch condition. 

Shape 

Participants drew only a single shape (Figure 31a), which was selected through a 

pilot study that adjusted task difficulty. We deliberately choose a shape with moderate 

complexity, as it needed to be non-trivial for HSA participants but not too frustrating for 

LSA ones. We also wanted to ensure that participants were drawing the shape they were 

seeing and not relying on previous knowledge about a given object. 

Design 

The study used a 5x2 mixed design. The within-subjects independent variable was 

the type of visual guide (none, templates, SG-lines, SG-crosshair, SG-cylinders) and the 

between-subjects independent variable was the user’s spatial ability (low vs high). In total, 

we collected 60 drawings, 5 for each participant. Because both ability groups had the 

same number of participants, our design was balanced between factors. The order of 

conditions across within-subject dimensions was counter-balanced across participants. 

The collected measures were drawing time, total time, the stroke geometry in Unity3D, 
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and the participant’s head and hand position. We also recorded the participants and their 

views while drawing. 

Results 

Results were analyzed using repeated measures ANOVA with α = 0.05. All the 

data were normally distributed, except for drawing time, match line, and shape-likeness. 

To normalize that data, we used the aligned rank transform ART [207] before ANOVA. 

Statistical results are shown in Table 12. Figure 31 shows the target object and exemplary 

resulting 3D drawings. 

Table 12 User study 2 statistical results. Green cells show statistically significant 
results. 

 

Total Time & Drawing Time: There was a significant main effect of visual guide on 

total time. Overall, users were faster in the no-guides conditions than in all other ones. 

Cohen’s d = 0.50 identifies a medium effect size. There was also a significant main effect 

of visual guides on drawing time. Overall the no-guides condition was faster than the three 

Smart3DGuides conditions, and the templates condition was faster than the SG-cylinders 

condition. Cohen’s d = 0.33 identifies a small effect size. 

Stroke quality: We scored each drawing using the same method as study 1. There 

was a significant main effect of spatial ability on line straightness. Overall the HSA 

participants achieved better line straightness scores than LSA participants. There was a 

significant main effect of visual guides on the stroke quality. A post-hoc analysis for 

technique showed that for line straightness (F4,39 = 3.16, p < 0.05) participants drew 

straighter lines with SG-lines than with the templates (p < 0.01). Cohen’s d = 0.47 identifies 

a small effect size. There was no interaction between spatial ability groups and visual 
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guides. For the matching line criterion (F4,39 = 3.68, p < 0.01) participants matched the 

lines better with the SG-lines condition than with no-guides (p < 0.05) and templates (p < 

0.01), and with the SG-cylinders conditions than with the templates (p < 0.05). Cohen’s d 

= 0.28 identifies a small effect size. For the degree of stroke deviation (F4,39 = 18.16, p < 

0.0001) and corrective movements (F4,39 = 7.59, p < 0.0001) the SG-lines and SG-

cylinders conditions were better than no-guides, the templates and the SG-crosshair. 

Cohen’s d = 1.16 identifies a large effect size for degree of stroke deviation. Cohen’s d = 

0.49 identifies a small effect size for corrective movements. Finally, when considering total 

stroke quality, our results identify a significant difference between visual guides (F4,39 = 

4.64, p < 0.01). Cohen’s d = 0.36 identifies a small effect size. The post-hoc analysis of 

the results shows that SG-lines is 24% better than no-guides (p < 0.0001), 26% better 

than templates (p < 0.001) and 16% better than SG-crosshair (p < 0.01). SG-cylinders is 

19% better than no-guides (p < 0.01) and 20% better than templates (p < 0.001). Overall, 

SG-lines and SG-cylinders increased user stroke precision. 

Shape-likeness: We scored each drawing using the same method as in study 1. 

There was a significant main effect on shape-likeness scores between LSA and HSA 

participants (F1, 9 = 25.34, p < 0.01). Overall, HSA had higher scores than LSA. There was 

also a significant main effect on visual guide (F4, 39 = 4.64, p < 0.01), but no interaction 

between spatial ability and visual guides. A post-hoc analysis shows that SG-lines are 9% 

better than no-guides (p < 0.05). SG-cylinders and SG-crosshair were not statistically 

significantly different from no-guides. Cohen’s d = 0.81 identifies a large effect size. 

Qualitative Questionnaire: Eight participants preferred drawing with SG-lines, 

three with SG-cylinders and one with SG-crosshair. For shape accuracy, eight participants 

felt that SG-lines made them the most accurate, two SG-cylinders, one SG-crosshair, and 

one the templates. However, for line precision, eight participants selected SG-lines and 

four SG-cylinders. 

Discussion 

Our first goal was to identify if our proposed Smart3DGuides, which are only visual, 

increase user shape-likeness and stroke precision while drawing in VR. 

For stroke-quality (Figure 39a), our results show that visual guides help users 

improve their stroke precision without compromising expressiveness by constraining their 
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actions. These results confirm H1, as helping users avoid errors in the VR stroke-planning 

actions creates better drawings. They also strengthen the case for using VR drawing for 

the conceptual design stage [113]. One important finding is the effect of the guide visual 

presentation on stroke precision. SG-crosshair and SG-cylinders have similar 

functionalities, but different visual presentations, and our results show that SG-cylinders 

improved stroke precision, but SG-crosshair did not. This effect does not seem to affect 

SG-lines, but it uses a different reference frame. This shows that selecting the correct 

presentation is an important part of the design of 3D immersive drawing tools. 

 

Figure 39 (a) Study 2 results, a) stroke quality, and b) shape likeness 

For shape-likeness (Figure 39b), we tested three reference frames, controller-

based, global, and content-based. Our results show that the global reference frame 

improves shape-likeness. We also confirm previous results on the relationship between 

total score and spatial ability [17]. Further, there was no interaction between spatial ability 

and guide, which shows that Smart3DGuides helped both classes of users. This shows 

that our new guides are universally beneficial. Note that for HSA participants the lowest 

scores for SG-lines are better than the highest scores with no guide, even for shape-

likeness, which already had a high baseline. This result supports H2, as SG-lines 

improved both the shape-likeness of the drawing and the stroke precision without affecting 

stroke expressiveness. Without knowledge of what the user is drawing, other previously 

proposed user interfaces for VR drawing cannot support all three goals simultaneously. 

Based on this we recommend adopting SG-lines in VR drawing systems. In conclusion, 

for shapes that are mostly axis-aligned, a simple form of visual guidance, like provided by 

SG-lines, helps users improve both the stroke quality and shape-likeness of 3D sketches. 
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8.3.11. User Study 3: Usability Evaluation 

Study 2 was a formal evaluation of Smart3DGuides in a constrained laboratory 

setting, where the participants drew pre-selected geometrical shapes. In contrast, we 

designed study 3 to test Smart3DGuides in a situation more similar to a real-world 

sketching scenario. Based on the success of highly evolved commercial 2D drawing 

systems that use non-constraining guides, e.g., Adobe Sketch [4], we hypothesized (H3) 

that our guides will not hinder the sketching process and that designers will find them 

useful. 

Participants 

We recruited ten novice users to evaluate the usability of the Smart3DGuides (6 

females). One was between 18-20 years old, one 21-24 years, six 25-30 years, one 31-

35, and one over 35. All participants were right-handed. The participants’ frequency of 

drawing with pen and paper was that four drew a few times a week, one a few times a 

month, and five less than once a month. For 3D modelling, one modelled a few times a 

week, two a few times a month, and seven less than once a month. All participants had 

drawn in VR fewer than five times, and for six it was the first time. 

Apparatus 

The hardware setup was identical to the above studies, but we added the ability to 

change stroke colour and size, and to delete strokes to the 3D sketching system. These 

changes allowed us to have a system with similar stroke creation features as commercial 

3D sketching systems. 

Procedure 

The experimental procedure was identical to the above studies. The only 

difference was that participants had 5 minutes each to draw one shape repeatedly. 

Between each sketch, the participants answered System Usability Scale (SUS) [30] and 

Perceived Usefulness and Ease of Use (PUEU) [48] questionnaires. They were also given 

questions about how they used the visual guides and what they liked and disliked about 

them. At the end of the study, the participants answered a questionnaire regarding their 

whole experience. Each session lasted 40 to 60 minutes, including the time for filling the 

questionnaires. 
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Shape 

The drawn shape (Figure 40a) included arcs, straight lines, curves, and parallel or 

perpendicular lines, similar to the elements found in the design task for a new object. As 

the complexity of the shape might be high for novices, we told participants to focus more 

on the process of drawing and less on finishing the shape. 

 

Figure 40 (a) Study 3 drawn shape, and (b) participants’ sketches 

Results 

Table 13 User study 3 questionnaires results. 

 

SUS questionnaire: We scored the SUS questionnaire results following its guidelines. 

According to previous work [13], a user interface with a score over 68 can be considered good. 

The SG-lines condition had a passing score, but SG-Crosshair and SG-Cylinder did not (Table 

13). 

PUEU questionnaire: According to previous work [29], for a 5-points scale, if a user 

interface has a score over 3.7 in a component-based usability questionnaire it can be considered 

good. The SG-lines condition has a passing score, but SG-Crosshair and SG-cylinders did not 

(Table 13). 

Smart3DGuides comparison: Four participants preferred SG-crosshair, four SG-lines, 

one SG-cylinder and one preferred having no guides. When asked about shape accuracy seven 

participants said that using SG-lines made them most accurate, one SG-cylinders, one SG-
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crosshair and one no guides. For line precision, seven participants said that using SG-lines made 

them more precise and all other conditions got one vote. 

Discussion 

Our goal was to identify whether novice users found our proposed Smart3DGuides 

useful and easy to use in a real-world drawing task. Based on both the SUS and PUEU 

questionnaire results, we an conclude that novice users found SG-Lines useful. The 

written answers from our participants further complement these results. For example, P4 

stated about SG-Lines, “[they are] intuitive and easy to understand”, and P10 said, “the 

lines gave me more confidence and support to make shapes be straighter”. The results 

from study 3 complement those from study 2, as SG-lines not only helped achieve better 

accuracy but are also easy to learn and use. The participants were also asked about how 

they used Smart3D-guides. Their responses illustrate their use during the stroke planning 

phase. For SG-cylinders, P1 said “I tried to align the smart guide with what I was drawing,” 

and P2 said, “I used the white cylinder as away [to] know where my stroke would end and 

correct the movement accordingly.” For SG-lines, P2 said “I used the grid as a way to use 

units [each block in the grid was a unit] and that’s how I kept an informal record of the 

proportions among the geometric shapes,” and P3 said “[I used it] to locate some key 

points.” Finally, for SG-crosshair, P4 said “I would align the relative and the fixed lines 

before I start[ed] drawing a line,” and P6 said “using the purple line to help to orient the 

different parts of my drawing within space and the other lines to orient the lines of the 

drawing with one another.” These results show that the design of the Smart3DGuides was 

successful, and that participants used them to avoid errors in VR stroke-planning actions. 

Users reported problems with the visual aspect of SG-cylinders; P4 said “the cylinders felt 

big and visually intrusive.” Others had trouble with the amount of information displayed for 

SG-crosshair; P5 said “it was difficult to keep track of all of them [lines].” These problems 

made users find these guides challenging to use. For SG-cylinders P10 said “I did not 

understand how to use it. I think if I understood it better, I would be able to use this method 

better” and for SG-crosshair P2 said “it was hard to know what each line represented, 

especially since some of them are dynamic and changed according to where my hand 

was.” These results show the importance of limiting the information provided to novice 

users while drawing as well as considering the visual aspect of the guides 
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8.3.12. Conclusion 

In this paper, we presented Smart3DGuides, a set of non-constraining visual 

guides for 3D sketching that help users avoid errors. Based on our newly identified VR 

stroke-planning actions, we found that our new Smart3D-Guides SG-lines substantially 

improve over currently used guide technologies in 3D drawing systems. No previous work 

had considered such non-constraining guides. Their simplicity makes them easy to use 

for novice users and easy to adopt technically. Despite the simple nature of 

Smart3DGuides and in contrast to previous work [11,54,93], they improved the user’s line 

precision and shape accuracy/likeness, regardless of their spatial ability. Our approach 

also helps users choose the appropriate stroke expressiveness for their task. In the future, 

we plan to work on new measures to quantify user errors while drawing in VR and to 

explore other combinations of visual guides. 
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Chapter 9.  
 
Concluding remarks and future work 

Since the creation of the first 3D virtual reality systems, researchers have used 

sketching as one of the interaction techniques to explore the potential of this technology 

[36,49,51]. One reason behind this choice is that most people have drawn before and can 

relate to this application, while at the same time, it allows researchers to demonstrate the 

technical capabilities of their systems. However, in the last couple of years there has been 

a paradigm change as a new wave of commercially available virtual reality headsets, i.e. 

VIVE [85] and Oculus Rift [137], allow end-users, i.e. architects, product designers, and 

artists, to use this new medium to create 3D shapes through using commercial products 

like FreeDrawer [205], Quill [63] and Tilt Brush [70]. 

Previous work has identified various advantages of immersive 3D sketching over 

other mediums for the design of 3D objects, such as the ability to draw 3D objects directly 

[91], that the tools are easy to learn [166,205], and potential improvements to the spatial 

thinking of the designers [3,91,177]. However, immersive 3D sketching is more difficult 

than 2D sketching, as users need to control one additional dimensions [206], there are 

depth perception issues with stereo displays [115], the lack of physical support [9], and 

higher cognitive and sensorimotor demands, including for eye-hand coordination when 

doing movements in depth [194]. Before my work, no one has studied in-depth how these 

challenges affect user interactions and behaviours while drawing in VR. 

In this thesis, I first proposed to divide the user’s stroke planning actions when 

sketching in VR into smaller sub-actions, to gain a better understanding of these planning 

actions. I decided to focus on the planning phase of the stroke creation process, as little 

previous work has studied this aspect before. Also, users can encounter problems related 

to drawing in virtual environments in the planning phase like not identifying the correct 

position of previous strokes. Then, I study two 3D sketching planning sub-actions in depth: 

viewpoint orientation and hand positioning in space. For the viewpoint orientation, my work 

extends previous work on the effect of the user’s spatial abilities [28,138,165]. For hand 

positioning in space, my work extends previous work on 3D pointing [190] and depth 

perception [115]. 
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In the second part of my thesis, I presented two different user interfaces for 

freehand immersive 3D sketching. First, I discussed the overall design decisions, such as 

my focus on novice user and the planning phase. Then I described the first interface called 

Multiplanes that provides users with drawing-planes, snapping points and the ability to 

beautify the user strokes. Subsequently, I explained the second user interface called 

Smart3DGuides, which provides non-constraining visual aids. I evaluated both of my user 

interfaces against other systems, and I found that when using Multiplanes and 

Smart3DGuides users were more accurate in terms of the overall shape and drew more 

precise strokes. Both user interfaces focus in different stages of the design process, 

Multiplanes is for when users are defining the properties of the object, but still, require 

flexibility to make changes. On the other hand, Smart3DGuides is for the conceptual stage 

of the design process, where constraining the user actions is contra productive, but users 

still need to be able to communicate an idea correctly. 

9.1. Revisiting the research objectives 

At the beginning of the dissertation, I presented my two overarching objectives. My 

first goal was to gain a better understanding of the reduced accuracy of 3D sketching 

compared to 2D. Previous work has focused on identifying the user challenges of drawing 

in VR, but not on understanding these challenges in depth. My second goal was to propose 

new tools to help novice users draw better in VR without losing their stroke 

expressiveness. Below, I offer a summary of my answers, considering what I uncovered 

through chapters 2 to 8. 

9.1.1. Gaining a better understanding of the user’s behaviours while 
drawing in VR 

The first main research objective of my doctoral work was: Help human computer 

interface (HCI) researchers better understand the user’s behaviours while planning a 

stroke when drawing in VR. 

In chapter 3, I proposed to study the 3D sketching planning sub-actions in isolation, 

to better understand the problems the users encounter. I described my rationale to divide 

the complex action of planning a stroke when sketching in VR into sub-actions and based 

on previous work selected two sub-actions of the planning phase during sketch creation. 
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Then in chapters 4 and 5, I evaluated these planning sub-actions in isolation and 

described my findings. 

By doing this, I have shown that by studying the different user’s planning sub-

actions in isolation, it is possible to gain a better understanding of the user’s behaviours 

while drawing in VR. This research extends the work from Suwa et al.’s [181] from using 

sub-actions to describe a general process like designing an object to describing complex 

user actions like drawing a stroke. Moreover, by studying two different 3D sketching 

planning sub-actions, I have extended previous work in other areas of research like 3D 

pointing and spatial perception. 

9.1.2. Consider the user’s behaviours in the user interface design. 

The second main research objective of my doctoral work was: Help user interface 

(UI) designers consider the user’s behaviours during the design of user interfaces for 

immersive 3D sketching. 

In chapter 6, I proposed an approach to designing 3D sketching user interfaces 

that support each planning sub-action separately, to help users avoid mistakes before they 

make them. I also described other general design decisions used in my user interface 

design. Then in chapters 7 and 8, I proposed and evaluated two user interfaces, 

Multiplanes and Smart3DGuides. 

The result of the evaluation of my two user interfaces shows that it is possible to 

improve the user shape accuracy and line precision by considering sub-actions of the 

planning phase of the stroke creation process during the user interface design. These 

findings extend previous work from Arora et al. [9], and Wiese et al. [206] from considering 

the creation phase to also considering the planning phase. It also extends previously 

proposed systems for immersive 3D sketching. 

9.2. Contributions of this work 

This dissertation presents two levels of contributions to the HCI and interaction 

design communities. Firstly, chapters 4, 5, 7 and 8 have individual contributions as 

published in each article. Secondly, when combined, these articles and my post hoc 
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analysis provide a second layer of contributions. In the next paragraphs, I summarize the 

contributions of each article. 

Chapter 4 quantifies the effect of spatial ability on 3D drawing. My findings show 

that the user’s spatial ability affects the shape likeness of their sketches but not their line 

precision. More importantly, I found different types of user behaviours while drawing in 3D. 

Those related to the shape likeness focus on identifying the correct viewpoint to draw the 

next stroke. Other behaviours are related to line precision and help users correctly position 

their hand in space to start a stroke. 

Chapter 5 identifies that stereo display deficiencies negatively affect virtual hand 

pointing, especially for movements in depth. I also show that the change in target depth 

has a linear relationship with time for 3D pointing tasks with stereo display systems. 

Finally, I introduced a new 3D Fitts’ law model for virtual hand techniques with stereo 

displays, which accounts for the effect of a change in target depth and which explains 

observations better than previous work. 

Chapter 7 presented Multiplanes, an immersive 3D sketching drawing assistant 

that incorporates novel interaction techniques, which helps users be more accurate. This 

system aims to help users, especially non-artists, in creating sketches of concepts or ideas 

that rely on geometrical relationships between strokes, such as parallel features. Finally, 

an analysis of the stroke quality shows that Multiplanes drawings had a better quality than 

freehand drawings. 

Chapter 8 presented Smart3DGuides a set of non-constraining visual guides inside 

the virtual environment. I found that adding simple visual guides like the ones I propose 

help users improve their stroke quality and shape-likeness regardless of their spatial 

ability, but that it is important to consider the visual aesthetic of the guide and the reference 

frame used. Smart3DGuides were able to improve the shape-likeness of the drawing 

without affecting stroke expressiveness and constraining user actions. 

In addition to the individual contributions each article (chapters 4, 5, 7, and 8) 

makes to the HCI and interaction design research communities, the collection in itself – 

together with the identification of the 3D sketching sub-actions for planning – offers two 

central contributions. 
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The first overall contribution of this thesis is to identify the need to divide 3D 

sketching into separate sub-actions to better understand the problems users face when 

planning a stroke in VR, especially if users make these decisions while focusing on other 

actions, i.e., what to draw versus how to move their hand. First, I identified two sub-actions 

of the stroke planning phase that are required to draw accurately. Then, in chapter 4 and 

5, I offered a detailed evaluation of these planning sub-actions. In chapter 4, I discussed 

the effect of the user’s spatial abilities on their drawing behaviours regarding viewpoint 

orientation. And in chapter 5, I discussed the effect of the stereo display’s deficiencies on 

the user interaction regarding positioning their hand in space. Both papers complement 

previous work on the causes for lower accuracy while drawing in 3D compared to 2D, as 

they offer a more complete understanding of how the challenges of immersive 3D 

sketching affect the user’s behaviours. 

The second overall contribution of this research is the creation of user interfaces 

that help users avoid mistakes when performing the planning sub-actions described in 

chapter 3. First, in chapter 6, I described the general design decisions regarding the 

proposed user interfaces, which focus on the conceptual design phase, and more 

precisely on the stroke planning phase of the stroke creation process, with a focus on 

assisting novice users. The subsequent two chapters offered a detailed description of two 

user interfaces that focused on helping the user improve their drawing accuracy by 

targeting user’s mistakes when positioning their hand in space and when moving around 

their drawings. In chapter 7, Multiplanes considered the depth perception, viewpoint 

orientation and hand movement direction as part of its design. It also showed the 

importance of providing tools that help users plan their next stroke. In chapter 8, 

Smart3DGuides targeted the same planning sub-actions, but that work also shows that it 

is not necessary to constrain the user actions to increase the user’s drawing accuracy. 

Both user interfaces show that considering the user’s planning sub-actions help improve 

user performance. 

9.2.1. The papers 

• Chapter 4: Barrera Machuca, M.D., Stuerzlinger, W., and Asente P. 

(2019) The Effect of Spatial Ability on Immersive 3D Drawing, ACM 

Creativity & Cognition 2019, 14 pages. 
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• Chapter 5: Barrera Machuca, M.D., Stuerzlinger, W. (2019) The Effect of 

Stereo Display Deficiencies on Virtual Hand Pointing, ACM CHI 2019, 

Paper No. 207, 14 pages. 

• Chapter 7: Barrera Machuca, M.D., Asente, P., Stuerzlinger, W., Lu, J. 

and Kim B., (2019) Multiplanes: Assisted Freehand VR Sketching, ACM 

SUI 2018, 36-37 

• Chapter 8: Barrera Machuca M.D., Asente, P., Stuerzlinger, W. (2019) 

Smart3DGuides: Visual Guides to Make Unconstrained Immersive 3D 

Drawings More Accurate, submitted to VRST2019, in review 

9.3. The limitations of this research 

In this dissertation, I take the role of a design researcher. This position comes 

with epistemological commitments and helps direct my attention to certain topics while 

eclipsing other areas of interest. Next, I discuss several issues I did not explore in this 

thesis: 

1. First, I decided to refrain from discussing the social and psychological 

issues of gender in 3D drawing. 

2. Second, most of the studies I present in this dissertation take place in a 

research laboratory. Many psychological, social and personal issues may 

surface in other environments and may affect the people’s 3D drawing 

abilities. 

3. Third, I conducted my research using stereo displays, i.e. headsets and 3D 

TVs. If new technology addresses the limitations of current stereo display 

systems, at least some of my findings will likely not apply anymore. 

4. Fourth, I conducted my research from an HCI perspective, where accuracy 

to an idea and quality of line are paramount. While this can improve the 

needs of 3D artists using VR sketching system, I did not especially look at 

nor concentrate on the many other issues 3D artists face. Such as 
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creativity, color palette interfaces, stroking and drawing tools that better 

emulate natural media, particle effects, and animation effects. 

Besides the general limitations of my thesis, each paper presents its own set of limitations, 

some of which are noted in the papers, but that I summarize next: 

9.3.1. Paper’s Limitations 

Chapter 4 

In the paper “The Effect of Spatial Ability on Immersive 3D Drawing”, the main 

limitation is that I only evaluate geometrical shapes. Evaluating these types of 3D shapes 

was necessary to keep the replication between participants, but it prevents a full 

comparison with real-world sketching where users draw figurative and organic objects. 

Chapter 5 

In the paper “The Effect of Stereo Display Deficiencies on Virtual Hand Pointing”, the 

main limitation is that we used a commercial stereo display, where we did not control for 

the individual interocular distance (IPD) between participants. 

Chapter 7 

In the paper “Multiplanes: Assisted Freehand VR Sketching”, the main limitation of the 

system is that the user can only draw on planes, not on surfaces. Drawing on planes limits 

the types of shapes they can create with the system. 

Chapter 8 

In the paper “Smart3DGuides: Visual Guides to Make Unconstrained Immersive 3D 

Drawings More Accurate”, the main limitation is about the evaluation, as user only drew 

geometrical shapes in an experimental setting. Also, I did the analysis of the VR-Guides 

using only the data of two participants due to the difficulty of manually coding each stroke. 

9.4. What’s next? 

My research contributed an important step towards understanding and articulating 

how people sketch in VR. More important, I identify that dividing the user planning of a 
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stroke process into sub-actions help user interface designers create better user interfaces. 

Using this method, I proposed two systems that help users be more accurate. While this 

provides an important contribution to the HCI and interaction design research 

communities, one of the most exciting things to do at this stage is to imagine how my work 

can be the starting point for additional, future research. Especially, as I only investigated 

the user sub-actions of the planning phase, leaving the creation and editing phases open 

for future work. In the next sections, I outline two opportunities for future work. 

9.4.1. Study the creation and evaluation stages of the stroke creation 
process 

In chapter 2, I justified my decision to focus on the planning phase of the stroke 

creation process. While this provides a good starting point to help users avoid mistakes, 

it would be highly interesting to also study and document the sub-actions of the creation 

and evaluation stages of the stroke creation process. The needs and requirements of the 

users during this stage likely differ from my work. 

9.4.2. Evaluate the use of 3D sketching tools in a design studio. 

The evaluation of both my user interfaces occurred in a lab setting with constrained 

goals. While this provides a good starting point to identify if and how Multiplanes and 

Smart3DGuides help users, it would be interesting to study and document how both 

systems work in a real design setting. There, the needs and requirements of the users 

may not be the same as in a laboratory, and it is important to consider them. 

9.5. Final remarks 

Sketching has been an essential part of the human design process for many years. 

However, we are still using tools like our ancestors, e.g. pen and paper, during the 

conceptual design stage. Traditional drawing is a high-skilled activity that requires 

extensive training. Most successful user interfaces only replace the medium that designers 

draw in but continue to rely on freehand (2D) drawing skills, especially if the designer 

wants to depict 3D objects. In this thesis, I propose to use 3D sketching during the 

conceptual design stage, as it offers the same flexibility than 2D sketching, but also allows 

users to express their ideas directly in 3D. To overcome the low accuracy of 3D sketching, 
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I first studied the user sub-actions of the planning phase of the stroke creation process in 

depth to understand how the challenges of drawing in VR affect the user’s behaviours. 

Then I proposed two user interfaces for novice users that improve their shape accuracy 

and line precision without reducing stroke expressiveness. The evaluation of both 

Multiplanes and Smart3DGuides shows that this approach is effective. I hope that these 

results will lead to an increase of the use of 3D sketching during the conceptual design 

stage. Moreover, I hope that my approach to designing 3D user interfaces will inspire the 

Human-Computer Interaction and Virtual Reality communities to continue investigating the 

user’s behaviours while drawing in VR. 
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Appendix 
 
User Studies Sketches 

In the appendix, I include examples of the drawings from my participants from chapters 
4, 7 and 8. 
 

Chapter 2 – Viewpoint orientation 
 
Study 1: Walking vs Standing 
 
For the sketches in this section, the color yellow indicates the sketch was done in the 
standing condition, where the user did not move when drawing. The green color indicates 
the sketch was done in the walking condition, where the participant freely walked around 
their sketch. Top examples are from high-spatial-ability participants while bottom 
examples are from low-spatial ability participants. 
 
 
 

Shape 1 

 
Participant 11 (High Spatial Ability, Shape 1, Stand) 

 
Participant 8 (High Spatial Ability, Shape 1, Walk) 

 
Participant 3 (Low Spatial Ability, Shape 1, Stand)  

Participant 12 (Low Spatial Ability, Shape 1, Walk) 
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SHAPE 2 

 
Participant 8 (High Spatial Ability, Shape 2, Stand)  

Participant 2 (High Spatial Ability, Shape 2, Walk) 

 
Participant 7 (Low Spatial Ability, Shape 2, Stand) 

 
Participant 3 (Low Spatial Ability, Shape 2, Walk) 

SHAPE 3 

 
Participant 8 (High Spatial Ability, Shape 3, Stand) 

 
Participant 10 (High Spatial Ability, Shape 3, Walk) 
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Participant 12 (Low Spatial Ability, Shape 3, Stand) 

 
Participant 7 (Low Spatial Ability, Shape 3, Walk) 

 
Study 2: Walk vs One-Hand Rotation vs Two-Hands Rotation 
For the sketches in this section, the color green is for sketches done in the walking 
condition. The blue color indicates that the sketch was done in the one-hand condition, 
where the participant grabbed the sketch with the one controller to rotate it. The orange 
color indicates that the sketch was done in the two-hand condition, where the participants 
grabbed the viewport with two hands to rotate it. Top examples are from high-spatial-ability 
participants while bottom examples are from low-spatial ability participants. 
 

SHAPE 2 

 
Participant 14 (High Spatial Ability, 

Shape 2, Walk) 
Participant 14 (High Spatial Ability, 

Shape 2, One-Hand) 

 
Participant 14 (High Spatial Ability, 

Shape 2, Two-Hand) 

 
Participant 4 (Low Spatial Ability, 

Shape 2, Walk) 

 
Participant 4 (Low Spatial Ability, 

Shape 2, One-Hand) 

 
Participant 4 (Low Spatial Ability, 

Shape 2, Two-Hand) 
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SHAPE 3 

 
Participant 17 (High Spatial 

Ability, Shape 3, Walk) 

 
Participant 17 (High Spatial 
Ability, Shape 3, One-Hand) 

 
Participant 17 (High Spatial 
Ability, Shape 3, Two-Hand) 

 
Participant 10 (Low Spatial 

Ability, Shape 3, Walk) 

 
Participant 10 (Low Spatial 
Ability, Shape 3, One-Hand) 

 
Participant 10 (Low Spatial 

Ability, Shape 3, Two-Hand) 
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Chapter 6 – Multiplanes vs Freehand Drawing 
In this experiment the participants were able to change the color of their sketch. Top 
examples are from the 3D condition, where participants had to draw a 3D shape. Bottom 
examples are from the 2D condition, where the participants had to draw on a plane while 
standing. 

3D SHAPE 

 
Multiplanes 3D shape  

Freehand 3D shape 

2D SHAPE 

 
Multiplanes 2D shape 

 
Freehand 2D shape 
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Chapter 7 – Smart3DGuides Sketches 
For the sketches in this section, the color green is for sketches done using the SG-
cylinders, the brown color is for sketches done using the SG-crosshair, and the pink color 
is for sketches done using the SG-grid. The blue sketches were done in the freehand 
condition with no guides, and the yellow sketches were done using templates. In this user 
study participants drew the same shape 5 times. Top examples are from high-spatial-
ability participants while bottom examples are from low-spatial ability participants. 
 

HIGH-SPATIAL-ABILITY 

 
Participant 18 (High Spatial 

Ability, SG-Cylinders) 

 
Participant 18 (High Spatial 

Ability, SG-Crosshair) 

 
Participant 18 (High Spatial 

Ability, SG-Grid) 

 
Participant 18 (High Spatial 

Ability, Walk) 

 
Participant 18 (High Spatial 

Ability, Templates) 

 

LOW-SPATIAL-ABILITY 

 
Participant 10 (Low Spatial 

Ability, SG-Cylinders) 

 
Participant 10 (Low Spatial 

Ability, SG-Crosshair) 

 
Participant 10 (Low Spatial 

Ability, SG-Grid) 
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Participant 10 (Low Spatial 

Ability, Walk) 

 
Participant 10 (Low Spatial 

Ability, Templates) 

 

 


