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Abstract 

This thesis focuses on the design of stereoscopic 3D user interfaces (UIs) for mobile 

devices. 3D output is no longer limited to large screens in cinemas or living rooms. 

Nowadays more and more mobile devices are equipped with autostereoscopic 3D (S3D) 

touchscreens, which do not require the use of special eyewear to perceive the depth 

effect. As a consequence, interaction with 3D content now also happens whilst users are 

on the move. This thesis presents an empirical study that was carried out to assess how 

users interact with mobile S3D devices, both whilst static and when walking. Following 

this, the design and implementation of a prototype S3D application for indoor 

navigation is presented. 

A user study (n=27) that investigated differences in touch accuracy between 2D 

touchscreens and mobile S3D touchscreens was carried out. The touch target sizes and 

aspect ratios required for reliable user interaction in each case were calculated, for 

example concluding that the increase in minimum touch target size caused by walking is 

larger for a S3D UI than for a 2D UI. This thesis also identifies differences in the angle 

at which users held the S3D device vs. the 2D device, and reports on depth perception, 

both in static and mobile contexts. Following on from the empirical study, a prototype 

S3D indoor navigation application was designed and implemented. Several findings 

related to visualisation issues in such interfaces are described, e.g. the correct way to 

use drop shadows as visual cues. 

This thesis provides valuable information to developers of the next generation of UIs 

and applications for mobile S3D displays and devices.  
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Glossary of Terms 

3D 3 Dimensional 

Accommodation The process of adjusting the focal length of the eye to 

keep an object in focus, depending on its distance from 

the eye. 

Autostereoscopic The display of stereoscopic images without the viewer 

needing to wear special headgear or glasses. 

Binocular Using two eyes. 

Binocular Disparity The difference between the position of an object seen 

by left and right eyes. 

Convergence The turning of the eyes inwards to focus on a nearby 

object. 

Monocular Using one eye only 

Occlusion The view of one object is blocked by another object that 

is placed between the first object and the viewing 

position. 

Parallax See disparity 

S3D Stereoscopic 3D, i.e. using binocular depth cues 

Stereoscopic Two images of the same view taken from different 

positions are presented to left and right eyes, creating 

the perception of depth. 

UI User Interface 
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1. Introduction 

The targets of this thesis are two-fold: Firstly, to create design guidelines for the 

designers of stereoscopic 3D (S3D) touch screen devices used in mobile contexts. 

Secondly, to extend the currently studied application areas for mobile S3D, by 

presenting the design and implementation of an S3D UI for indoor navigation. This 

introductory chapter focuses on defining the context of the work and its motivation. 

Additionally the structure of this document is outlined. 

1.1 The Research Context 

The penetration of mobile devices has increased beyond all expectations over the last 10 

years. In particular over the last 5 years, smartphones and tablet devices have been the 

main drivers behind the growth, such that estimates for 2013 suggest that 22 % of the 

global population use a smartphone and 6 % use a tablet device5. Two aspects that have 

become de-facto standards for such devices are the touch screen interface and the 

constant progression towards larger display sizes, offering a richer visual experience. A 

key aspect of such devices is that their usage context is mobile. Rather than being used 

when seated at a desk they are used in daily life situations including, for example, when 

walking, and shopping. 

The touch screen interface, popularized by the Apple iPhone, has become the dominant 

interaction modality for mobile devices such as smartphones and tablets. The touch 

interface enables users to directly interact with the content displayed on the device 

screen by touching it with their fingertip. This so called direct interaction can be 

compared with the indirect interaction of the previous generation of mobile device user 

interfaces  (UIs), where interaction was based on moving a focus highlight within the UI 

to enable selection of a function. One requirement of the touch screen UI paradigm is 

that in order to interact effectively and without error requires that the objects to be 

touched, i.e. the touch targets, on the device screen must be sufficiently large. Due to 

the nature of mobile devices, this interaction should also work reliably in non-static 

usage contexts. 

In parallel with the increasing penetration of touchscreen handheld smart devices has 

been the rise of stereoscopic 3D, especially in the form of movies, to the point at which 

currently the majority of large budget Hollywood movies of certain genres are produced 

in 3D. Although stereoscopic imaging and movies have existed for more than a hundred 

years, the success of the movie Avatar in 2009 was responsible for the creation of a new 

wave of interest in 3D entertainment (Figure 1). 

                                                 

5 http://www.businessinsider.com/smartphone-and-tablet-penetration-2013-10 
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Figure 1.  Avatar, the movie that lead the current wave of interest in stereoscopic 3D 
entertainment. 

Viewed from the entertainment angle, the benefit of stereoscopic 3D is that it provides 

an increased level of immersion in the content, through the addition of depth perception 

to the viewing experience. However, one of the most frequently heard complaints about 

the 3D movie experience is the discomfort caused by the need to wear special glasses, 

which are uncomfortable to wear for the length of a movie, particularly for those 

viewers that already need to wear spectacles for vision correction. Clearly this raises the 

motivation to research stereoscopic 3D solutions that are ‘glasses-free’, i.e. 

autostereoscopic 3D. 

In addition to 3D movies, stereoscopic 3D (S3D) mobile devices are already mass-

market products, with 3D capable TVs from manufacturers such as Samsung and LG 

already driving high penetration levels. Autostereoscopic mobile 3D displays, where no 

special glasses are needed to experience the 3D effect, can be found in 3D cameras, 

mobile phones, and portable game consoles (see Figure 2).  

 

Figure 2.  Mass market Autostereoscopic S3D  devices. (top row) 1) Nintendo 3DS, 2) HTC Evo 

3D (bottom row) 3) FujiFilm FinePix Real 3D,  4) NEO3DO 3D tablet. 6 

                                                 

6 1) www.nintendo.com/ 2) www.gsmarena.com/ 3) www.itechnews.net 4) www.ipaddisti.it/ 

http://www.nintendo.com/
http://www.gsmarena.com/
http://www.itechnews.net/
http://www.ipaddisti.it/
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In general, 3D displays provide new degrees of freedom for UI design in the sense of 

the illusion of depth. With negative disparity (or parallax), the UI elements appear to 

float in front of the screen, and with positive disparity (or parallax), the UI elements 

appear behind the screen level (Figure 3). The potential benefits of S3D will be realised 

through the application of this depth capability by device, UI and graphic designers. As 

described in detail in Chapter 3, prior art has examined a rather limited set of used cases 

for S3D applications. A further aim of this thesis is to extend the existing set of 

application areas that have been prototyped an evaluated to date. Here the target being 

to identify a use case that gains real benefit from the introduction of the depth 

dimension. 

 

Figure 3.  An autostereoscopic 3D mobile device. Content is displayed with negative (Bird), 
zero (Monkey) and positive (background image) disparity / parallax. (Image by 
Maaret Posti) 

An overview to the evolution and interest in 3D display technology may be gained by 

examining the frequency of search terms used in Google searches. Figure 4 presents the 

frequency of the terms ‘3D display’ and ‘3D screen’, highlighting selected points of 

interest. From the figure it can be seen that much of the activity has been related to 

mobile devices, and that several large-scale device manufacturers have been active in 

the area. When examining the geographic source of search interest, based on the top 10 

reported countries, the majority (67 %) arises from Asia. 

 

Figure 4.  Frequency of search terms “3D display” and “3D screen” used in Google searches, 
from Google Trends. Selected points: A&C: Amazon 3D smartphone, B: Microsoft 3D 
tactile touchscreen, D: HP glasses free display for mobile devices, E&G: Zecotec 3D 
display patents, F: Apple 3D screen patent, H&I: Sony PlayStation 3D display, K: 
Lenovo Thinkpad 3D display, L: Nintendo 3DS, N: Sharp develops 3D screen for 
mobile gadgets. 

As highlighted by Figure 4, the basic technical enablers to make commercial 

autostereoscopic mobile devices are already available, and have been for a number of 
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years. However, currently such devices have gained only niche adoption. Due to this 

lack of widespread adoption, the understanding of issues related to the user interface 

(UI) design of S3D applications is currently not well advanced. One target of this thesis 

is to provide information and guidance that will assist those undertaking the UI design 

of mobile S3D applications. 

1.2 Motivation 

At present fundamental data regarding user interaction with S3D mobile devices is 

missing from the current body of research knowledge. Quantitative information on the 

ability of users to interact with handheld touch screen S3D devices whilst in a mobile 

context is not available. Without this information, designers of the UI of such devices 

have to make assumptions about the ability of users to perceive the depth or relative 

depth of objects in the UI, their ability hit touch targets, and their subjective comfort 

level in doing so. To the best of our knowledge, and evident from the UI design style, 

current S3D UIs have been designed based on existing 2D design guidelines, which 

have been iterated based on user evaluation during the design phase. In contrast we aim 

to provide fundamental empirical data related to interaction with touch screen S3D 

devices in a mobile context. 

Recently we have seen the introduction of non-stereoscopic 3D visual effects into high 

penetration consumer products made by both Apple and Amazon. Apple’s iOS7 

introduces a parallax motion effect based on the devices motion, sensed by the inbuilt 

gyroscope. This effect is used to create the perception of depth between layers in the UI 

by moving them at different rates as the device is moved around. As well as being 

included in built-in apps, the feature is also included in the iOS7 SDK, such that third-

party developers can include the effect to their applications. Amazon’s Fire smartphone 

includes a dynamic perspective feature, which, although somewhat similar to the iOS7 

solution, provides a much richer pseudo-3D experience, being implemented based on 

head tracking technology that adjusts the rendered image to match the viewer’s position 

(Figure 5) 

 

Figure 5.  Amazon Fire smartphone, parallax motion effect based on head tracking. (Images 

taken from video at TechnoBuffalo7) 

                                                 

7 http://www.technobuffalo.com/videos/amazon-fire-phone-what-the-heck-is-dynamic-perspective/ 
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Although both the Apple and Amazon implementations create the appearance of 3D 

depth using visual cues, in practice the effectiveness of the effect is limited because it is 

not supported by stereoscopic depth cues, i.e. the visual and stereoscopic depth cues will 

be in conflict. For example, in Figure 5 the statue will not appear as closer to the user 

than the ground level of the view because the images presented to both of the viewer’s 

eyes will be identical. Here it should be noted that videos of such effects generally look 

better than viewing the actual effect live. This is because when viewing the video on a 

2D screen the viewer has no expectation of stereoscopic depth, but assumes it is present 

in the live version. It may be speculated that both the Apple and the Amazon devices are 

in fact ‘stereoscopic ready’ implementations that will be developed towards actual 

stereoscopic devices in future releases. If such evolution occurs, device designers, UI 

designers and software developers will require guidance of the design and 

implementation of and for such devices. This thesis aims to provide such guidance 

information. 

1.3 Research Questions 

The research questions, which this thesis aims to answer, relate to areas of knowledge 

that are required to design and deliver a successful product employing an S3D UI to 

mass-market consumers. The users’ ability to assess the relative depth of objects in a 

S3D UI is critical in order to convey information in the depth dimension of the UI, 

rather than use the effect only for aesthetic purposes. Clearly, when encoding 

information to the perceived depth of objects, it should also be perceivable whilst the 

user is walking, and not only whilst static. Similarly, an understanding of users’ input 

accuracy when selecting targets is critical information for the UI designer, i.e. when 

specifying touch target sizes. Considering the designers of S3D mobile devices as our 

primary audience, the thesis aims to answer the following question: 

What are the design parameters and approaches required to design a successful 

S3D UI for use in a mobile context?  

Contained in this high level question are questions such as: 1) Should depth be used as a 

mandatory informative element? 2) Are there differences in perception between the 

center and edges of the screen? 3) What size and aspect ratio should touch targets be?  

4) How comfortable is it for people to use an S3D UI whilst walking? 5) What kind of 

visual design approaches are most successful? 

These research questions are approached by user studies investigating the interaction 

performance with a mobile S3D device. In addition, the thesis demonstrates the findings 

in the form of the UI design and prototype of an S3D mobile application. 

1.4 Structure and Content of the Thesis 

The structure of this thesis and work done by the author in each section are presented 

below. 

Chapter 1: Introduction 

Chapter 1 of this thesis describes the general context of the research, in order that the 

reader gains a general perspective of the topic area. Here also the motivation for the 

thesis is described. Additionally the thesis structure is outlined (this section). 
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Chapter 2: Background 

Here the background of stereoscopy is introduced and a summary of stereoscopic 

display technologies, with particular focus on glasses-free autostereoscopic displays, is 

provided.  

Chapter 3: Prior art on HCI with S3D  

Related work in the area of interaction with S3D is presented; highlighting prior work 

on autostereoscopic displays and touch screen interaction. 

Chapter 4: Research Methodologies 

The research methodologies that have been used by the author in this thesis work are 

outlined. 

Chapters 5 – 7: Empirical Research, Results and Discussion of Empirical Research 

These chapters present an empirical research study investigating users’ performance in 

interacting with a touchscreen S3D mobile device. Users’ perceptions of object depth 

and their interaction accuracy both when static and in the mobile context (walking) were 

also investigated.  

The study methods used in the empirical study were designed by the author, drawing on 

previous experience gained over several years spent optimising touch screen interaction 

performance in mobile devices at Nokia Ltd. Here, Matero & Colley, (2012) provides 

an example of the author’s previous published work in the area. Initially the planned 

target of the study was to focus only on the accuracy aspects of interaction, however it 

became apparent that the perception of depth was also a critical issue that had not 

previously been studied empirically in this context. In this area, the author’s learning 

from previously conducted studies exploring interaction in the mobile context in a 

commercial environment, for example employing walking tests similar to the one used 

in this work, was built upon. 

The author personally implemented the Android tester application used in the empirical 

study, which was used in the accuracy and depth perception tests. Code snippets from 

the application are included in Appendix 1. The questionnaire used in the user test was 

designed by the author, who also personally conducted many of the user test sessions. 

Here, colleagues assisted in conducting the remainder of the user test sessions. Analysis 

of the data from the study was made solely by the author. Microsoft Excel was used for 

the main analysis, with IBM SPSS being used for the statistical analysis, which aimed 

to ascertain the significance of the results. 

Chapter 8: S3D Application Concept Design 

This chapter presents the design and implementation of a concept S3D indoor map 

application, following the principles identified in the empirical study. 

In this phase the author designed the visual approach used in the application concept 

and explored the possible approaches to creating the required graphic assets using 

Adobe Photoshop. The author undertook the graphic design of the map images used in 

the concept application. Additionally, in the final polishing phase of the graphics a 

colleague assisted the author. The maps application for the S3D Android tablet was 

implemented solely by the author, code snippets of which are included in Appendix 3. 
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Chapters 9 and 10: Discussion and Conclusion  

Here an overall discussion and conclusions on the thesis topic and its findings are 

presented. 

Figure 6 presents a summary of the key elements of each chapter. 

 

Figure 6.  Structure of thesis, highlighting key elements in each chapter 
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2. Background   

Stereoscopic images contain more information than monoscopic images, i.e. 2 different 

images of a view taken from different positions contain more information than 2 

identical images, and the human brain has evolved to utilize this data, largely to 

perceive distance and depth.  

2.1 Depth Perception 

The human ability to perceive the relative depth of objects in a 3D scene is achieved 

through a combination of several factors (Cutting, 1997). The majority of these depth 

cues are monocular and can be perceived with only one eye, whist others are binocular 

requiring the use of two eyes for their perception.  The ability to perceive stereoscopic 

depth varies per individual. An estimated 5 % of people are unable to perceive 

stereoscopic disparity at all, whilst others are able to better perceive positive disparity 

than negative disparity (Stelmach & Tam, 1996). When artificially creating stereoscopic 

3D images, the viewers perception of the effect will be also be affected by the image 

delivery mechanism’s capability to correctly reproduce stereoscopic images without 

distortion (Boev, Gotchev & Egiazarian, 2009). Similarly the introduction of additional 

restrictions, or viewing overheads such as the requirement to wear special glasses will 

degrade the viewers overall perception of the 3D scene. 

The relative strengths of each depth cue and their operational distance ranges have been 

presented by Cutting & Vishton (1995), see Figure 7. For example, from Figure 7 it can 

be seen that occlusion is the strongest depth cue and functions over the entire distance 

range whilst convergence and accommodation are relatively weak and effective only in 

the range 0 – 2 m. Of particular interest is binocular disparity, which is amongst the 

strongest depth cues in the range 0 – 2 m.  

Binocular parallax is created based on the difference between the images seen by the 

viewer’s left and right eyes. Because the distance between the viewer’s eyes is relatively 

small this limits the effective range of binocular parallax to 10m (Cutting, 1997).  

Motion parallax is created based on the difference in images viewed from two different 

positions, i.e. when the viewer moves their head causing objects at different distances to 

move at different rates. Motion parallax is a monocular depth cue, requiring only one 

eye. The muscles that control the eyes also provide weak depth cues, revealing the 

current focal length, or accommodation, of the eye (monocular) and the convergence 

angle between the two eyes (binocular). Other monocular visual depth cues include 

occlusion, linear perspective, shadows and lighting, texture gradient and aerial 

perspective. In addition, for some identifiable objects, such as people and cars, their 

usual size acts a cue to their depth within the view. 
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Figure 7.  Operational range and strengths of depth cues. Modified from (Cutting & Vishton, 
1995, page 80). 

The scene depth created by stereoscopic displays is not real, but simulated by the 

display of two images, which are then directed to left and right eyes. With current S3D 

display technologies this creates a conflict between the depth information carried by the 

physiological depth cues from the eye control system (convergence and 

accommodation), which focuses on the screen, and the other depth cues. This conflict 

may cause visual discomfort and fatigue when viewing S3D displays, particularly at 

distances of 0 – 2 m where the physiological cues are strong  (Reichelt, Häussler, 

Fütterer & Leister, 2010). Similarly, many typical implementations of S3D displays and 

rendered content do not support all the depth cues described here, for example motion 

parallax is not supported in many implementations. The relative benefit and usefulness 

of stereoscopic 3D imaging vs. monoscopic imaging will depend on the application 

case, for example benefits have been demonstrated in the field of remote control of 

robots (Drascic, 1991).  

2.2 Stereoscopic Display Technologies 

The general principle of all stereoscopic displays is the capability to present different 

images to the viewer’s left and right eyes. Several different technical approaches exist to 

create stereoscopic displays, the main separation being those that need the viewer to 

wear some form of glasses, vs. those that are autostereoscopic. Figure 8 presents a 

taxonomy of S3D displays (Hodges & McAllister, 1985). Perhaps the most familiar 

method of creating an S3D display being the glasses bound spatial and temporally 

multiplexing approaches, which are commonly used in 3D cinemas. Autostereoscopic 

displays, which do not require the viewer to wear glasses, can be based on a variety of 

approaches such as lenticular lens, parallax barrier, volumetric display, holographic and 

light field displays. 
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Figure 8.  Taxonomy of S3D display technologies. Adapted from (Hodges and McAllister, 1985, 
page 41). 

Figure 9 presents the currently most commonly used methods of producing an 

autostereoscopic display, the parallax barrier and lenticular lenses.  Both methods 

enable only certain pixels in the display to be viewed by each eye, hence when a 

suitably processed image is shown on the display, the stereoscopic depth effect can be 

seen. Conventionally vertical parallax barriers or lens arrays have been used, however 

some implementations have utilized slanted versions, which have provided some 

performance improvements (Dodgson, Moore, & Lang, 1999). 

 

 

Figure 9.  Parallax barrier (left) and lenticular (right) approaches to autosterescopic displays 
(Source: Wikipedia) 

Single view and Multi-view Displays 

A key differentiator between different approaches to the creation of S3D displays is 

their ability to support motion parallax, i.e. when the viewer moves their head position 

the view changes, as it would when viewing a real world scene. As noted in the previous 

section, motion parallax forms one of the stronger visual depth cues particularly over 
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distances of less that 10m (see Figure 7). From the display side the support of motion 

parallax requires a so-called multiview display. One approach to create a multiview type 

experience is the use of head tracking technology to create a Fish Tank display as 

described by Ware & Franck (1996). Here the position of the viewer’s head is tracked 

and the displayed images are adjusted according to the head’s position. However, such 

techniques can only support a single viewer at a time.  

An alternative approach is the use of a true multiview solution where views from 

several different positions are rendered on the display simultaneously, but left / right eye 

separation filtering is applied such that certain left and right eye image pairs are only 

visible from certain positions. This has the advantage that the display does not need to 

sense the position of the viewers eyes, and can support multiple simultaneous viewers.  

It is also possible to implement multiview solutions via parallax barrier type methods. 

However, as more views are added the relative proportion of the display that is visible 

from a single position is reduced, reducing both the perceived resolution and luminance 

of the display. Hence in practice such solutions are only able to produce a limited 

number of views e.g. up to 4 views with a conventional vertical parallax barrier. 

Implementations based on backlit projection have the capability to extend this limit 

somewhat, although the practicality of such solutions typically decreases as a large 

number of projectors are added. 

As an alternative to static parallax barriers, content-adaptive parallax barriers have been 

demonstrated by (Lanman, Hirsch, Kim & Raskar, 2010). Such solutions utilize two 

stacked LCDs, the upper LCD acts as a dynamic barrier layer that supports non-binary 

opacities. The two LCDs act in unison as spatial light modulators to recreate the target 

light field by attenuating the light emitted by the backlight (Figure 10, right). Other 

approaches to recreating light fields are based on the use of a high-speed rotating mirror 

(Jones, McDowall, Yamada, Bolas & Debevec, 2007), see Figure 10, left. As the mirror 

turns a different image is reflected to each potential viewer. Such solutions can recreate 

scenes that can be viewed from 360 degrees by a large number of viewers. 

 

Figure 10. Two alternative approaches to creating a multiview stereoscopic light field display. 
(Left) Rotating mirror method. Adapted from Jones et al. (2007), figure 3. (Right) 
Stacked adaptive barrier method. Adapted from Lanman et al. (2010), figure 2. 
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3. Prior Art on HCI with S3D 

3.1 Designing for S3D User Interfaces 

By its very nature S3D is very visual, and user interface designs employing it should 

consider both usability and user experience aspects. HCI research on S3D has so far 

focused much on visual ergonomics, and visual comfort has been investigated in several 

studies (see e.g. Kooi & Toet, 2004; Lambooij, IJsselsteijn & Heynderickx, 2007; 

Pölönen, Salmimaa & Häkkinen, 2011). So far, interaction with S3D mobile devices has 

received less attention. When investigating mobile S3D UIs, the emphasis has been on 

the output rather than on interaction. Pölönen et al. (2011) reported that the perceived 

depth is less sensitive to changes in the ambient illumination level than perceived 

naturalness and overall image quality.  

Several prior works have explored different approaches to UI visualizations in S3D UIs. 

For example (Mizobuchi, Terasaki, Häkkinen, Heinonen, Bergquist & Chignell, 2008) 

report that S3D text legibility was better when text was presented at zero disparity on a 

sinking background, when compared to presenting it hovering on a background image 

that was presented in zero disparity. It has been also pointed out that scaling the S3D 

content to different size displays is not straightforward, and has an effect to the 

perceptual qualities (Benzeroual, Allison & Wilcox, 2012). The role of visual cues has 

been investigated. In regard to that topic, (Mikkola, Boev & Gotchev, 2010) reveal that 

stereoscopic visual cues with a mobile device work better than 2D ones. Huhtala, 

Karukka, Salmimaa & Häkkilä (2011) report that for a find-and-select task in a S3D 

mobile photo gallery, both the performance and subjective satisfaction were better when 

the stereoscopic effect was combined with another visual effect, dimming.  

Compared to the more traditional usability based design approach, which focuses on 

efficiency, user experience design focuses on more hedonistic aspects and aims to 

provide users with delightful meaningful experiences.  Taking a wider view to S3D UI 

design, a few papers have investigated the user experience with S3D mobile devices. 

Jumisko-Pyykkö, Strohmeier, Utriainen & Kunze (2011) studied the quality of 

experience with mobile S3D videos, and discovered that the quality of experience was 

constructed from the following: visual quality, viewing experience, content, and quality 

of other modalities and their interactions.  

Sunnari, Arhippainen, Pakanen & Hickey (2012) evaluated the S3D mobile UX design 

of a commercial product with a user study, where 12 users compared the S3D and 2D 

menus of a S3D mobile phone. The S3D menu design was seen as visually pleasant and 

entertaining, but lacking in usability, and the participants had difficulties seeing any 

practical benefit of using stereoscopy. In order to gain other than just hedonistic value, 

stereoscopy should be incorporated to the mobile UI in a way that it improves not only 

the visual design, but also the usability (Häkkilä, Kytökorpi & Karukka, 2012). 
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3.2 Interaction with S3D 

Valkov, Steinicke, Bruder, Hinrichs, Schöning, Daiber & Krüger (2010) and Valkov, 

Steinicke, Bruder & Hinrichs (2011) identified the challenges of combining touch 

screen input with large 3D displays, and identified methods by which users’ adapt to 

work around these. Despite these limitations, S3D displays are becoming more 

commonplace in a variety of mobile touch-screen devices. In order to introduce novel 

designs for mobile S3D UIs, we need to investigate the implications of mobile S3D 

devices on the user interaction (e.g. in terms of touch accuracy and resolution). We 

conducted studies not just in a static context, but also with users on the move, as it is an 

inseparable part of the usage of mobile technology. Other researchers have proven that 

mobile use of a mobile device affects the interaction with the device (Bergstrom-

Lehtovirta, Oulasvirta & Brewster, 2011; Oulasvirta, Tamminen, Roto, & Kuorelahti, 

2005). Additionally, there have been proposals that object depth within S3D UIs should 

be considered as an informative parameter (Häkkilä et al., 2012; Sunnari et al., 2012), 

and using S3D, e.g. for grouping items or highlighting contextual information, has been 

suggested (Ventä-Olkkonen, Posti & Häkkilä, 2013). However, this work has generally 

not considered the usability of such designs beyond the static laboratory environment. 

3.3 Investigating Input Accuracy  

Input accuracy is an important factor when assessing UI designs. This is particularly 

important when designing mobile touch screen UIs, as the screen size is limited, and the 

visual density of UI elements is high. Whereas the illusion of depth is the distinguishing 

factor between S3D and conventional 2D mobile devices, it is also important to look at 

the input accuracy on the x,y plane. In addition to distinguishing between the depths of 

objects, touch target selection accuracy is a key issue when interacting with a mobile 

touch screen device. A comprehensive body of work exists examining the input 

accuracy of 2D touch screens, e.g. Holtz & Baudisch (2012) and Parhi, Karlson & 

Bederson (2006). The former reporting a target size of 7.9 mm target size for 95 % 

accuracy. Holtz’s summary, that inaccuracy is largely due to a “parallax” artifact 

between user control, based on the top of the finger, and sensing based on the bottom 

side of the finger is particularly relevant, as in the S3D case another on-screen parallax 

effect is introduced. Considering interaction with larger 3D touch screens, Valkov et al. 

(2010, 2011) have identified the user’s dominant eye as a contributory factor when 

considering this larger scale.  

As, by definition, mobile devices are not used only when the user is static, it is key to 

understand their usage also in the mobile usage context. The effect of walking on touch 

accuracy for 2D touch screen UIs has also been previously researched (Bergstrom-

Lehtovirta et al., 2011; Kane, Wobbrock & Smith, 2008; Perry & Hourcade, 2008). For 

example, Kane finds variation in the optimal button size for different individuals, whilst 

Perry & Hourcade (2008) conclude that that walking slows users’ interaction but has 

little direct effect on their touch accuracy. However, to best of our knowledge, earlier 

research has not examined the touch input accuracy with a S3D mobile device while on 

the move. 
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3.4 Advancements Over Prior Art 

Taking the strong emphasis on visual design in S3D mobile products and the output 

orientated prior art, there is a clear need to further investigate the interaction design 

aspects of S3D mobile UIs. In this thesis the utility of a mobile S3D touchscreen UI for 

practical usage when the user is on the move is examined, and recommendations to 

developers and designers of such UIs are provided. Specifically we investigated the 

effect of walking on two aspects that form the core a mobile S3D touch screen user 

experience: The perception of depth, and the accuracy of touching targets on the screen. 

We also compare the results achieved on a mobile S3D device with standard 2D mobile 

device, thus extending the existing body of research on mobile touch screen interaction 

on the move (Bergstrom-Lehtovirta et al., 2011; Kane et al., 2008). Our aim is to 

provide practical information to assist the designers of S3D UIs that will be used on the 

move. 

The users’ ability to assess the relative depth of objects in a S3D UI is critical in order 

to convey information in the depth dimension of the UI, rather than use the effect only 

for aesthetic purposes. Clearly, when encoding information to the perceived depth of 

objects, it should also be perceivable whilst the user is walking, and not only whilst 

static. Similarly, an understanding of the users’ accuracy when selecting targets in the 

mobile autostereoscopic UI is critical for the UI designer.  

This thesis extends the current body of research which has focused either to evaluate 

S3D in static conditions, or interaction with a 2D UI whilst on the move; the 

combination of S3D and user motion being relatively unstudied. 
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4. Research Methodologies 

We have employed a research process utilizing aspects from several methodologies, 

drawing from software experimentation, user centric design, plus quantitative, 

qualitative and design science based methods (Rekter, 2012). As part of our data 

analysis, various statistical methods were used. Finally, as part of the application 

concept design, user centric design methods were applied. 

4.1 Empirical Research Process 

The process employed for the empirical part of this work follows an approach similar to 

that described by (Wohlin, Runeson, Höst, Ohlsson, Regnell & Wesslén, 2012), and 

illustrated in Figure 11. Wohlin et al. (2012) detail a controlled experiment approach 

whereby independent variables are manipulated and their effect on dependent variables 

is measured. The successful application of this approach requires that there is 

randomization over subjects and that the factors not being manipulated are either fixed 

or sampled over, i.e. that the environment is controlled. One benefit of this approach is 

that it supports statistical analysis of the experimental results. In this respect, in our 

study we utilized a controlled laboratory environment and applied a within-subjects 

approach to our user study, such that the same users tested all conditions. 

 

Key tenets of the controlled experiment approach are context selection, hypothesis 

formulation, variable selection, experiment design and instrumentation. In the scope of 

our work each of these elements has been addressed, for example section 5.1 of this 

thesis describes the hypotheses formulated for our empirical study. 

 

 

Figure 11. Overall study process. Adapted from Wohlin et al. (2012) 

When considering the development of data that may be utilized by practitioners in a 

field, in our case the designers of S3D applications, a design science approach is 

generally applicable. The main aim of design science is the achievement of knowledge 

and understanding of a problem domain through the design, creation and evaluation of 

artifacts (Hevner, March, Park & Ram, 2004). Here, this approach is applicable 

primarily to the concept design case where the application we have created enables the 
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user to adjust various design parameters of the S3D visualization to obtain the optimal 

result. 

4.2 Design and Evaluation 

4.2.1 User Centered Design 

The high level aims when designing an interactive system consist of both practical, 

efficiency based objectives and also objectives that are more hedonistic in nature. 

Preece, Rogers, Sharp, Benyon, Holland & Carey (1994) define these as usability goals 

and user experience goals respectively (see Figure 12). 

 

Figure 12. User experience and usability goals. Adapted from Preece et al. (1994) 

Considering the scope of this thesis, we firstly address primarily usability goals in an 

empirical study aimed primarily to assess the efficiency and effectiveness of interaction. 

The later part of this thesis then focuses more to user experience goals, in the context of 

a concept application design. 

User centered design (UCD) is a process by which user experience and usability goals 

drive the design of a product or service, rather than forcing the users to change their 

behaviour to accommodate the product. The iterative UCD process is illustrated in 

Figure 13. 
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Figure 13. User centered design process. From Tory & Moller (2004). 

Tory & Moller (2004) describe user centered design thus: 

User-centered design is an iterative process involving task analysis, design, 

prototype implementation, and testing (…). Users are involved as much as 

possible at each design phase. Development may start at any position in the 

cycle, but would typically start with an analysis of the tasks the system should 

perform or testing of an existing system to determine its faults and limitation. 

(Tory & Moller, 2004, section 2.6). 

When focusing more to interaction design, Preece et al. (1994) outline a user centred 

approach as consisting of:  

 Focus on users and tasks. Users’ tasks and goals and the context of use are 

studied and the design is made to support those. 

 Empirical measurement of users’ reactions and performance. Users’ reactions 

and performance to scenarios, simulations and prototypes are observed, recorded 

and analyzed 

 Iterative design. Based on finding from user tests, redesign is made and testing 

repeated. 

The observation of users may be either ‘quick-and-dirty’, as part of laboratory based 

user testing or in field studies (Preece et al., 1994).   

In the context of this thesis we applied one cycle of the UCD process. Firstly identifying 

a task and context of use, i.e. interaction with a device usage whilst walking, then 

simulating this context under laboratory conditions to enable measurement of users’ 

performance via interaction logs recorded by a test device. This data was then fed into 

the design of a prototype application. 

4.2.2 Laboratory Based User Testing 

The empirical study presented in this thesis is based on a user test in a laboratory 

environment.  Preece et al. (1994) describe the elements required to set up such a user 

test as, defining the research questions, selecting the study techniques, defining the 

study tasks and selecting typical users for the test. When choosing test users, previous 

experience with similar systems is a key criterion that should be considered. Hence, in 
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our process we included an initial questionnaire largely to ascertain our test participants’ 

experiences with S3D systems and touch screen devices. Nielsen (2012) outlines the 

number of test participants required for user tests; For basic usability problem finding 5 

users are sufficient, whilst for quantitative studies at least 20 users are required to gain 

statistically significant results (the later being the target of the empirical study part of 

this thesis, in which we collected data from 27 test participants). 

For our user evaluation we followed a process similar to that described by Preece et al. 

(1994) chapter 10. In a typical user test Preece et al. (1994) outline the three roles of test 

moderator, test observer and test participant. In some cases there may be multiple 

observers, or, as was the case in our study, the roles of the moderator and observer may 

be combined and handled by a single individual. The moderator conducts the test 

session, and focuses on instructing the user and ensuring the test protocol defined for 

the test is followed, whilst the observer takes notes of during the test process. Although 

not used in our study, video recording of test sessions may also be used to allow more 

rigorous post-test analysis by observers.  

Again following the advice of Preece et al. (1994) we conducted a pilot test prior to 

running the actual test. The pilot test verifies that the test protocol is correct, e.g. that the 

instruction given to the user is clear, and enables the moderator and observer to practice 

in their roles. The pilot test is also beneficial in that it provides information on the 

length of time that the test process will take per study participant. In our case the pilot 

test also provided sample data logs from our test application, such that we could verify 

its correct functionality under test conditions. 

Think-Aloud Method 

As we wanted to discover our test users’ perceptions about using the S3D technology 

we employed the think-aloud method, where the users say out loud everything they are 

thinking and trying to do, (Nielsen, Clemmensen & Yssing, 2002). Nielsen et al. (2002) 

describe variations on the protocol, for example concerning the level of interaction by 

the moderator. Here, in the case of an inactive moderator the user is first coached to 

continuously verbalise, the moderator only interjecting when the user ceases 

verbalization. In contrast taking an active moderation approach, the moderator asks 

probing questions to direct the test user to verbalise related to a particular feature of 

interest. In this respect Preece et al. (1994) guide against the use of active moderation, 

highlighting that it adds additional cognitive load to the user that distracts from the 

actual task. 

Nielsen et al. (2002) discuss the validity of the technique, and highlight differences 

between users direct vocalisation of thoughts without explanation and retrospective 

reports, whereby the user has added some interpretation to their statements. Here, the 

terms talk-aloud, think-aloud and retrospective reports are used to separate 3 types of 

information that may be produced in a think-aloud approach. Talk-aloud refers to direct 

vocalization of thoughts, whilst think-aloud requires the verbalization of mental images. 

Retrospective reports are considered less useful as the added interpretation introduces 

other factors to the content. 
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5. Empirical Research  

To gain empirical data on users’ subjective perceptions and performance when 

interacting with S3D touch screens a research study was designed and performed. 

5.1 Research Hypotheses 

To systematically evaluate the problem area, we formulated the following hypotheses. 

Hypotheses H1-H3 focus on interaction while walking, which, due the cumulative effect 

of general challenges with stereoscopy (Lambooij et al., 2007) and movement, was 

expected to make the interaction with S3D relatively harder than with a 2D UI. 

 H1: That the degradation in user’s touch accuracy caused by walking will be 

greater for an autostereoscopic interface than a normal 2D interface. 

 H2: Users will find the comfort level of using an S3D UI to be more adversely 

affected by walking than a 2D UI.  

 H3: Users’ perception of the relative depths of objects in the 3D UI will be 

reduced by walking to a greater extent than perception of relative object size.  

 H4: The accuracy of tapping objects on the S3D display will differ for objects at 

different locations on the display, and will be different in horizontal and vertical 

dimensions. 

 H5: In order to see the 3D effect when walking, users need to hold a device with 

an S3D display somewhat differently from a 2D device.  

 

To validate the hypotheses, we conducted a user study with 27 participants. 

5.2 Technical Setup 

5.2.1 Depth Cues 

Our study consisted of two parts, firstly focusing on the depth perception and secondly 

to the to the interaction accuracy (i.e. related to x and y perception and interaction with 

the touch screen). Together these two aspects define key aspects of the S3D touch 

screen interaction space. As we wanted to focus only on the depth effect due to the 

stereoscopy, no additional visual depth clues such as shadows, object size or colour 

were used in our test application. 

In all the test cases a background wallpaper image was used, as in pilot tests the use of 

some type of textured background at the positive disparity/parallax (Figure 3) was found 
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to improve 3D perception. The background image chosen was a fine mesh pattern at 

45°, this was chosen as it gave good 3D perception, but was such that it would not 

adversely influence the position of the users’ presses on targets. In the 2D tests the 

background was positioned at z-depth = zero and in the 3D tests at z-depth = 10. Table 

1 describes the z-depth convention and values used in the study.  

Table 1. Reference stereoscopic depths and calculated apparent distance behind the display 
(assuming viewing distance of 330 mm and inter-pupil distance of 63 mm)  

Accuracy test z-depths Depth test z-depths Apparent distance behind screen (mm) 

10 10 12 

3 Not used 3.6 

2 2 2.5 

Not used 1 1.2 

0 0 0 (on screen) 

-1 -1 -1.2 (in front of screen) 

-2 -2 -2.5 (in front of screen) 

 

 

Figure 14. The depth levels used in depth and accuracy tests, data from table 1. 

5.2.2 Test Device and Test Application 

All the tests were conducted on an autostereoscopic touchscreen mobile device, the LG 

P920 Optimus 3D mobile phone. This has a 4.3” display with a resolution of 480x800 

pixels (with 217 ppi) and runs Android 2.3.5. 

A test application for the accuracy and depth perception test was developed in Java and 

utilized the LG Real3D SDK8. The development environment used was Eclipse. The 

general functionality of the application is described in the following sections, and code 

snippets illustrating the key aspects are included in Appendix I. The test application 

logged all the test data to the device’s SD card in CSV format. The initial screen of the 

application enabled the input of a user id, which was stored with each set of data to 

identify its source. The main views of the tester application are shown in Figure 15. 

                                                 

8 see http://developer.lge.com/ 
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Figure 15. Screenshots from the tester applications. 1:Test selection view. 2:User id entry.   
3:Accuracy test.  4:Size comparison test. 5:Test completed notification 

5.3 Accuracy test 

Our target was to investigate the fundamental accuracy of users, hence our method 

avoided the use of any UI elements such as buttons, whose visuals could influence the 

position in which users tapped the screen. Additionally, as we were interested to 

investigate differences in accuracy between horizontal and vertical dimensions, a 

method based on measuring hit rates and task completion times for visual buttons would 

demand a large number of button shapes and sizes. Instead, we followed a method 

similar to the crosshairs approach employed by Holtz & Baudisch (2012). Our accuracy 

test method presented rather small circular targets, one at a time. The user was 

instructed to tap on the center of each target with their index finger. 

For each tap the coordinates of both the press and release touch events were logged, as 

well as the time between the target being displayed and the user pressing the target. 

Hence this method provides the touch event distributions for a point visual target. 

Additionally the time between the press and release events was logged. At the release 

event, when the user’s finger was lifted from the screen, the values of the devices 3-axis 

accelerometer were logged, enabling information about the physical angle and 

movement of the device during the test to be deduced. 
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The accuracy test was conducted in the 2D and S3D condition. In the 2D condition a 

random sequence of 15 targets was presented. Each target was presented once and once 

only. The targets were positioned in a grid pattern of 5 horizontal by 3 vertical. This 

pattern was chosen to give more data points and resolution in the horizontal axis, which 

is the most interesting for S3D. The targets and background image were displayed as 

normal 2D objects. 

In the S3D version of the accuracy test the same grid of 15 targets as used in the 2D test 

was used, but it was positioned at 5 different z-depths (see Table 1), thus making a total 

of 75 targets. The 75 targets were presented in a random order of x, y and z position, 

such that each target was presented once and once only. In the S3D test the background 

wallpaper image was positioned at depth z=10, behind the screen. It should be noted 

that the due to the difference in background depth the S3D test with targets at z=0 was 

not exactly equivalent to the 2D test. 

Based on an eyes-to-screen distance of 330 mm (the mean of 3 pilot users) and an inter-

pupil distance of 63 mm (see Dodgson, 2004) the object distances in front of and behind 

the screen are given in Table 1. These values give an approximation of the apparent 

depth of objects presented at the different reference depths (the distance of the screen 

from the eyes was not fixed during the tests).  

5.4 Depth and Size Perception Test 

To test the users’ perception of the z-depth of objects in the S3D display a depth-

matching test was devised. A sample square object was drawn on the display with a 

random z-depth, selected from 5 possible depths (see Table 1). Five identical square 

target objects were also drawn to the screen each with a different depth (Figure 16). The 

order of the depths of the target objects was randomized. There was only one target at 

each depth level. The user was instructed to select, by tapping, the target square object 

that they considered was at the same depth as the sample object. This is similar to the 

approach used by Mikkola et al. (2010).  

 

Figure 16. Diagram of the S3D depth perception test and depth convention used in the study. 
(Illustration by Maaret Posti). 
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As a comparison, a 2D size perception test was also devised. This used exactly the same 

process as the S3D depth perception test, but instead of varying the depth of the objects, 

the size of the square objects was varied slightly. The amount of size variation was 

determined during a pilot test to be approximately as challenging as the 3D depth 

perception test when static. Squares with sides of 4.2 mm, 4.4 mm, 4.7 mm, 4.9 mm and 

5.2 mm were used. Figure 17 shows the size comparison test. 

 

Figure 17. The static 2D size comparison test. 

Both the depth and size perception tests were repeated 21 times, after which the user 

was presented with the score of how many depths or sizes they had correctly matched. 

All the tests were carried out whilst seated and while walking, with the order of tests 

completed by each user being varied as described in the user test procedure paragraph. 

5.5 Procedure  

The overall procedure was as follows 

 Background questionnaire 

 Tests for the dominant eye and stereovision 

 Interaction tests: 2D accuracy, S3D accuracy, depth matching (S3D) and size 

matching (2D)  

 Final questionnaire 

The questionnaires used in the test are provided in Appendix 2. 
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Each test was conducted in two different conditions; while seated (static) and whilst 

walking (on the move), see Figure 18. The test moderator introduced the users to the 

overall test procedure prior to the start of the test and gave more detailed instructions 

prior to the start of each test phase. During the test the users were asked to use the think-

aloud technique to verbalise their thoughts. In this phase the moderator acted as an 

observer, making notes on the user’s verbalised thoughts and observations e.g. on how 

users held the device and how often users glanced away from the device during the 

walking test. 

 

Figure 18. Users participating in the study. Left to right: Walking test, seated test.  

The test to identify the user’s dominant eye was performed using Porta’s method (see 

Mapp, Ono & Barbeito, 2003). Here, when viewing with both eyes simultaneously, a 

near object such as a finger is aligned with a far away object. If when closing the left 

eye the object alignment is maintained, then the right eye is dominant, and vice-versa. 

An acclimatization task of looking through the S3D image gallery, provided as default 

by the device manufacturer, enabled users to get accustomed to the S3D effect. Users 

were instructed to experiment to find the best position i.e. distance from device to eyes, 

viewing angle etc. where they could best see the 3D effect of the gallery images. For the 

walking tests, a route consisting of two markers 6m apart was marked on the laboratory 

floor. Users were instructed to walk at normal speed around the marked route whilst 

completing the tests. Figure 18 shows images of users completing the various parts of 

the test. The order of tests completed by each user was rotated in a sequence to reduce 

any effect of user learning or other side effects. After each test the users rated the test 

condition for easiness and comfort on a 7-point Likert scale.  

 

Figure 19. User completing the post-test questionnaire.  
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6. Results from Empirical Research 

6.1 User Background Data 

The average age of the users (n=27) was 30.4 years (varying from 10 to 52). 19 of the 

users were male and 8 were female. Of the 27 users 16 were found to have a dominant 

right eye whilst 9 had a dominant left eye. Two users were unable to determine which of 

their eyes was dominant. 24 of the users were right-handed and the remaining 3 left-

handed. Most had watched a 3D movie, half had tried out, or own a 3D TV or a 3D 

camera. 

6.2 Accuracy Tests 

6.2.1 Subjective Ratings 

The users’ subjective opinions of the easiness and comfort of the 2D and S3D accuracy 

tests are shown in Figure 20. Two-way within subjects ANOVA tests were conducted. 

For "ease" the walking had a significant effect (F(1, 26) = 10.95, p = .003), making the 

task significantly harder when walking than when static. Also, completing the task using 

the S3D display was considered significantly harder than with the 2D display (F(1,26) = 

18.33, p < .001). There was no significant interaction between the walking state and 

display dimensionality (F(1,26) = .61, p = .443). For "comfort" the results were similar, 

both walking and S3D made the task significantly less comfortable, (F(1,26)=4.75, p= 

.039) and (F(1,26)=28.00, p<0.01), respectively. There was no interaction between the 

independent variables (F(1,26)=1.94, p=.663). 

 

Figure 20. Subjective user feedback on accuracy tests. 
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6.2.2 Measurement of Input Accuracy 

Analysis of the accuracy tests is based on the recorded co-ordinates of the touch press 

event (i.e. “finger down”), as this defines the users’ fundamental accuracy. Presses that 

were more than 12 mm from the center of the visual target were considered as 

accidental and excluded from further analysis (Removed data: static 2D=2, 3D=4, 

walking 2D=3, 3D=10). 

Heatmaps of the press points for each test are shown in Figure 21, which combines the 

presses for all of the depth layers. These charts plot the offset of each press point from 

the center of the presented circular target, i.e. the center of the visual target is at the 

origin of the chart.  

To investigate if there was any difference in the errors at different positions on the 

display (H4) we calculated the mean press position per presented target, illustrated in 

Figure 22. It can be seen that for all targets users are pressing slightly below and to the 

right. Contrary to the hypothesis, the target location on the display was not found to 

have an effect to the input accuracy. 

 

Figure 21. Heatmap visualizations of the combined press points relative to target center for S3D 
and 2D. 
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Figure 22. Mean press positions per target illustrated. The targets (marked here as circles) are 
shown larger than the original size used in the test for clarity. 

The absolute distance of each press point from the center of the visual target (i.e. 

ignoring the direction of the error) is presented in Figure 23. For the S3D layers (i.e. 

within the groups of five bars in Figure 23), there was no significant difference between 

the mean error distance for each of the 3D depth layers (based on ANOVA analysis). 

Thus, targets at screen level (z=0) were pressed no more accurately than targets at other 

depths. For all the S3D depth layers combined together, a 2-way ANOVA test revealed 

both walking and S3D caused a significant increase in the mean error distance, 

(F(2,4841)=28.8, p<.001) and (F(2,4841)=54.9, p<.001), respectively. There was no 

significant interaction between the fixed factors.  

 

 

 

 

 

 

 

 

 

Figure 23. Mean distance from target center for 2D & individual 3D layers whilst static and 
walking. Error bars show standard error of mean. 

Comparing the S3D z=0 results, where the target is placed at screen depth, with the 

corresponding 2D cases, where the target is also at screen depth (circled on Figure 23), 
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showed significant degradation in accuracy in the S3D cases in comparison to 2D cases 

for z=0 (T(403)=3.52, p<.001 and T(402)=4.35, p<.001 for static and walking cases 

respectively). This difference is due to the S3D cases having a background image at 

positive disparity, placing the targets within a stereoscopic scene. Additionally, in the 

S3D cases, the z=0 targets are presented in a sequence of targets at other depths. These 

findings are important as they indicate that from the touch accuracy point of view, there 

is no benefit to place targets at screen depth compared to any other depth level. Rather, 

the best way to maximize the touch accuracy is to switch off the stereoscopic effect. 

6.2.3 Minimum Touch Target Sizes 

One method to evaluate the degradation in accuracy caused by walking and S3D is to 

calculate the minimum touch target sizes for each case. The minimum touch target size 

is the size required for users’ to reliably hit touch targets in each tested mode. From the 

press point error distribution we calculated the 98 percentile points in positive and 

negative directions for both x and y. Taking the approach described by Parhi et al. 

(2006), this defines the bounding rectangle that captures 95 % of user presses. As the 

distributions are slightly skewed to either positive or negative sides, and in practice it is 

not possible to position a touch target at the exactly the correct offset from the center, 

thus we take double the larger absolute value, which may be considered as the minimum 

size for targets in the UI. It should be noted that these values are based on index finger 

usage, as in the test protocol. For thumb usage sizes will be somewhat larger (Parhi et 

al., 2006). The minimum target sizes are shown in Table 2, and diagrammatically in 

Figure 24. 

Table 2. Minimum target sizes for finger usage. 

Conditions Negative 98 percentile 

(mm) 

Positive 98 percentile 

(mm) 

Minimum target size 

(95 % presses on 

target)  

width x height (mm) 

2D Static 
x:3.5 

y:3.9 

x:3.8 

y:4.4 
7.6 x 8.8 

2D Walking 
x:3.6 

y:3.7 

y:4.2 

y:4.6 
8.4 x 9.2 

3D Static  
x: 4.9 

y: 3.8 

x: 4.5 

y: 4.6 
9.8 x 9.2 

3D Walking 
x: 6.0 

y:4.1 

x:5.0 

y:5.2 
12.0 x 10.4 
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Figure 24. Minimum target sizes for finger usage (95 % press success) 

6.3 Depth and Size Matching Tests 

6.3.1 Subjective Results 

Figure 25 shows the results from the subjective questionnaire completed after each test. 

The size (2D) and depth (S3D) tests were found to be approximately equal in difficulty 

(subjectively “easy”). Two-way within subjects ANOVA tests revealed that walking 

significantly decreased the comfort level (F(1,26)=5.10, p= .032). There was no 

significant effect of walking on "ease" or of S3D on "comfort" or "ease".  

 

Figure 25. Subjective user feedback on size and depth tests.  
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6.4 Measurements 

The percentage of correct selections for both size and depth matching tests in both static 

and walking modes is shown in Figure 26.  

 

Figure 26. Percentage of correct selections for size and depth matching tests in static and 
walking test modes (showing quartile distribution). 

When static, the users’ performance in the depth and size matching tests was found to 

be approximately equal (this being the basis of the test design, based on the pilot test). 

However, we found that there was an extremely wide variation in performance between 

individual users, the standard deviations being 16 and 24 percentage points for size and 

depth comparison respectively (see Figure 26). Additionally, we were somewhat 

surprised that the mean error rate was quite high, close to 35 %. 

Two-way ANOVA testing indicated no significant differences between the test cases. 

This is clearly due to the high standard deviation and limited sample size. There was 

general agreement between the measured performance and the users’ subjective 

assessment of the tests difficulty (“easy”), i.e. all the tests were approximately equal in 

reported and measured difficulty. 

6.5 Device Orientation 

From the recorded accelerometer readings we extracted the mean orientation that the 

users were holding the device at during each test. The most interesting angle is the angle 

derived from the z-axis of the accelerometer, the z-angle (Figure 27).  
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Figure 27. Z-angle of the device.  

For both depth (S3D) and size (2D) tests the angle at which the users held the device 

was larger when walking, i.e. the plane of the screen was closer to parallel with the 

ground (Figure 28). The mean angle of the device during the 2D tests was less than for 

the corresponding S3D tests. ANOVA testing indicated a significant effect of the test 

condition on the device angle (Wilks’ Lambda = 0.40, F (3,24) = 11.92, p < .001). Post-

hoc t-tests using Bonferroni adjusted alpha levels of .0125 per test (.05/4) indicated that 

when walking, S3D caused the device to be held more vertically, with a significant 

difference of approximately 7° in the device angle, compared to 2D (Figure 28).  

 

Figure 28. Quartile distribution of mean z-angle of device per test mode. 

 

Figure 29. Significant differences in device z-angle between test cases (referring to Figure 28). 
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6.6 Hypotheses Validation 

The validation or rejection of our hypotheses is described below and illustrated in 

Figure 30: 

Hypothesis 1. Our hypothesis (H1) that the degradation in accuracy caused by walking 

is greater for an autostereoscopic interface than a 2D interface was found to be valid 

(Figure 23).  

Hypothesis 2. We were able to partly validate our hypothesis related to the comfort 

level of S3D interaction whilst walking (H2). Whilst users found tasks requiring 

accuracy harder and more uncomfortable in the S3D case, tasks requiring visual 

comparison were not considered more challenging. Thus we find partial confirmation 

for our hypothesis that the absolute interaction comfort of an S3D UI when walking is 

lower than for a comparable 2D UI. 

Hypothesis 3. We predicted that users’ perception of the relative depths of objects in 

the S3D UI would be reduced by walking to a greater extent than perception of relative 

object size (H3). We found no evidence to support this based on our study. 

Hypothesis 4. As part of our hypothesis (H4) we proposed that users’ accuracy would 

differ in horizontal and vertical dimensions. Our study found a minimum touch target 

size aspect ratio of approximately 1.2 (Figure 24) confirming our prediction. This 

compares with the 2D case, where the minimum target aspect ratio was found to be 

roughly 1.0 (Figure 24). Based on our study, we were unable to validate the part our 

hypothesis (H4) that proposed accuracy differences at different locations on the S3D 

display (Figure 23). 

Hypothesis 5. Our hypothesis that the users’ would handle a device with an S3D UI 

differently from a device with a 2D UI when walking (H5) was partially confirmed. We 

established that the mean angle that users’ held the device when walking was different 

for 2D and S3D cases.  

 

Figure 30. Summary of hypothesis validation 
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7. Discussion of Empirical Research 

7.1 Touch Accuracy 

Comparing our results for 2D static touch accuracy with previous studies, we find close 

agreement, for example, using their contact area model Holtz & Baudisch (2012) report 

a 7.9 mm target size for 95 % accuracy, compared to our 7.6 mm x 8.8 mm for the same 

accuracy. The aspect ratio information in our results provides interesting additional 

detail. 

7.2 The Effect of Walking on Accuracy 

Direct comparison between our results related to the differences in touch target sizes 

when walking with prior work on this topic is not straightforward, due to differences in 

the study approaches used. The majority of previous work being based on a UI with 

varied size button targets, and measuring task completion time and error rates (for 

example Kane et al., 2008). In contrast, our button free approach aimed to minimize the 

influence of the visual UI design, and focused to the accuracy of separate tap events. 

Thus, in our test, accuracy was the only dependent variable.  

Our approach enabled us to investigate interaction over the full screen area, and we 

were able to gain insight into the optimal aspect ratio of touch targets. However, our 

method is more abstract than actual UI based approaches, requires some interpretation 

to transfer it to use in actual designs, and does not take account of other interaction 

issues e.g. related to Fitts’ law (Fitts, 1954). Hence, it is perhaps the case that our 

method serves best as an initial method, the results of which could be validated by a 

button and task based method. 

Based on our results, for a certain screen size, a S3D UI for use whilst walking should 

have only 60 % of the touch targets of a correspondingly performing 2D UI (based on 

area calculations from Table 2 data). This is a major impact to the design of S3D mobile 

UIs.  

The degradation in accuracy from the combined effects of S3D and walking appears to 

be larger than the sum of each individually (Figure 23). As may be expected the main 

part of this degradation is in the horizontal dimension, and hence related to stereoscopic 

effects. We speculate that, at least in part, this effect is due to users losing the 

stereoscopic effect, for example when glancing from the display when walking, which is 

an expected condition for real world interaction in mobile context (see Oulasvirta et al., 

2005). 

7.3 The Effect of Target Depth and Position on Accuracy 

Our finding that there was little difference in the users’ accuracy at different positions 

on the device screen differs to the systematic position related offsets reported by Henze, 

Rukzio & Boll (2011). However, as proposed by Henze et al. (2011), this effect is 
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perhaps related to the visual size of touch targets, and hence not applicable to our small 

targets.  

Valkov et al. (2010, 2011), has reported touch offsets based on target depth. However, 

as one factor affecting this is the user’s dominant eye it was not surprising that we were 

not able to identify such differences without separating test subjects with left and right 

eye dominance in our analysis. We may also speculate that this phenomenon is not 

relevant to small size display and the limited depth capabilities of the device and 

technology used in our tests.  

7.4 Ergonomic Issues 

We were unable to find comparable research on details of how users’ hold mobile 

devices whilst walking, although many of the issues are touched upon by Kane et al. 

(2008). In addition to these, issues related to the limited viewing angles of current S3D 

displays are well known. In our study users held the test device at a different angle for 

the 2D and 3D tests (Figure 28). This suggests that in order to observe the 3D effect the 

users needed to modify the device angle compared to the way they would naturally hold 

the device for interacting with a 2D UI. Particularly when walking, this need to adjust 

the device angle becomes an additional cognitive, and perhaps physical, overhead whilst 

the user is already under a heavy cognitive load. This argues against the use of S3D UIs 

in mobile devices, or is something that should be addressed by device manufacturers. 

7.5 Usability Concerns with S3D 

Both accuracy and depth perception tests were such that they highlighted a large 

variation in the performance of individuals, which was further exaggerated when the 

users were walking. This large variation makes it difficult to identify statistically 

significant generic differences between the cases examined without a very large test 

sample. When designing any user interface it is not wise to design for the average user, 

without considering the variation of user performance. In the case of S3D UIs this 

suggests that the use of depth as a mandatory informative element in the UI should be 

approached cautiously. Clearly, when accessibility for users with restricted capabilities 

is a consideration, the use of S3D, at least as an informative channel should be avoided.  
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8. S3D Application Concept Design 

Based on the findings from our empirical research, the next step was to proceed to apply 

some of the findings plus the general knowledge gained about mobile S3D to a 

particular use case. Based on brainstorming use cases where S3D may be potentially 

useful and a review of prior art in the area, we selected indoor navigation as the focus 

area. Thus we proceeded to design and implement a prototype S3D indoor map 

application. 

8.1 Problem Definition and Prior Art 

The creation of navigation guides for multi-level buildings presents a particular 

visualization challenge. Example cases such as airports and shopping centers are 

familiar situations, where people need guidance to navigate between locations that 

may be on 2 different levels of the building. Typical current solutions to the problem 

either use separate views of each floor placed side-by-side, or as an isometric 

projection with floors placed vertically above each other (see Figure 31). Such 

solutions may generally result in the viewer interpreting the map as separate layers 

and not gaining any perception of the 3D space of the building. This reduced 

perspective may adversely affect the viewer’s ability to navigate within the space, 

particularly when moving between positions on different floors. 

                

Figure 31. Examples of current approaches to visualizing multilevel buildings. Left: Zurich 

airport, right: Merry Hill shopping center, UK.9  

                                                 

9 Left image: http://www.lufthansa.com/  . Right image: http://intu.co.uk/  

http://www.lufthansa.com/
http://intu.co.uk/
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Currently the majority of research and commercial solutions related to navigation 

have focused on map based 2D user interfaces designed for outdoor navigation, 

whereas indoor navigation and unconventional graphical UI (GUI) design solutions, 

such as the use of 3D, have gained less attention. Schöning, Krüger, Cheverst, Rohs, 

Löchtefeld & Taher (2009) have presented one alternative solution in their mobile 

mapping solution based on ‘you are here’ maps. Prior art has investigated the use of 

3D virtual world representations for navigation (Kray, Elting, Laakso & Coors, 2003; 

Oulasvirta, Estlander & Nurminen, 2009), although these have not considered the 

stereoscopic case. When comparing different mobile UI designs in a user study, 

Kray et al. (2003) have reported that people used the (virtual world type) 3D 

representation to help in orienting themselves with the physical world in the urban 

context.   

Previous research on user perceptions of mobile stereoscopic 3D UI design has 

identified that the S3D effect could be used to present topographic information 

(Ventä-Olkkonen et al., 2013). This is especially interesting for cases where the user 

is navigating through a multi-level space, such as large indoor spaces. Puikkonen, 

Sarjanoja, Haveri, Huhtala & Häkkilä,  (2009) have proposed design 

recommendations for indoor navigation mobile UIs, and point out, e.g., that more 

attention should be paid to vertical navigation cases, i.e. between floors.  

8.2 Visual Design 

Our general approach to the visual design of the S3D mobile map was to visualize the 

floors as layered on top of one another, and apply both visual and stereoscopic depth 

cues such that the viewer perceives the map as 3D. The general approach is illustrated in 

Figure 32. A viewpoint above and to the right of the building was selected, enabling 

some part of each floor to be seen un-obscured by the floor above, and hence supporting 

the perception of the depth order of the floors. 

 

Figure 32. Stereoscopic depth is applied to floor levels, e.g. upper floors are shown with 
negative disparity, i.e. appearing above the screen level. 

The core challenge in creating a usable multilayer stereoscopic map is that of visual 

design. Simply overlaying existing 2D maps of each floor and applying stereoscopic 

depth separation will not create a usable solution. Rather, the map visualization must be 

designed from scratch based on the requirements of the stereoscopic visualization. From 
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our empirical study we had gained knowledge on depth perception based on only 

stereoscopic parallax, however in this phase we also introduced the use of visual depth 

cues. In this respect we followed available design guidelines for S3D UIs e.g. 

summarized by (Broy, Schneegass, Alt & Schmidt, 2014). However, we made some 

additions and deviations to suit our particular application case. As well as parameters 

that we fixed during our iterative design process, there were additional parameters that 

we wanted to expose for user experimentation. In this respect our target was to create an 

application such that a test user could experiment by switching various parameters, in 

order to obtain the optimal combination.  

Table 3. Fixed and interactive parameters in the prototype design. Interactive parameters are 
identified with an asterisk *. 

Parameter Value(s) 

Parallax between floors * 
None / 3 pixels. (Based on our empirical research, some users have 

difficulty fusing images where larger offsets are used) 

Visual depth cues Drop shadows 20 % opacity 

Floor opacity  Fill 60 % opacity. Stroke 100 % opacity 

Parallax depths * 
All floors positive / All floors negative / Floors at mixed parallax 

(central floor is at zero disparity). 

Blurring * No blurring / blurring upper floor / blurring lower floor. 

Floor texture * No texture / Scaled texture 

 

8.3 Implementation 

The S3D indoor maps application was implemented using a Gadmei E8-3D Android 

tablet, which incorporates an autostereoscopic display. The device has an 8.1” display 

and utilizes a parallax barrier to create the stereoscopic effect. 

The application was implemented using the B4A development environment10. This 

provides a rapid development environment for Android, whilst producing native code. 

The application uses side-by-side format images (see Figure 34), which it then vertically 

interlaces by taking alternate columns of pixels from each image to form the 

stereoscopic image shown on the display. Relevant code snippets from the application 

are included in Appendix 3. A GUI is provided in the application to enable the test user 

to select the visualization parameters that are active. The GUI is implemented as an 

overlay to the screen depth, thus to avoid perception problems cause by conflicting 

                                                 

10 http://www.basic4ppc.com/ 
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depth cues the GUI is shown only temporarily when the user interacts with the screen, 

and fades following 2 seconds without interaction. The size of the interactive buttons in 

the GUI is based on the findings of the earlier empirical study.  

 

Figure 33. The application running on the Gadmei E8-3D tablet. The rendering feature selection 
GUI is shown on the right of the screen. Note, the low image clarity is due to the 
single lens camera not being able to correctly photograph the stereoscopic UI. 

The graphics for the maps were created in Adobe Photoshop. Images were created in the 

side-by-side format, as shown in Figure 34. The image creation process was to first 

create the left-eye image, then duplicate this image with a horizontal offset equal to the 

screen width (1280 pixels).  This resulted in all elements having zero disparity and 

hence appearing at screen depth. Then, elements that were required to appear above the 

screen, i.e. with a negative parallax, were moved to the left e.g. by 3 pixels in the right 

image. Similarly elements that were required to appear below the screen depth were 

moved horizontally right in the right side image, e.g. by 3 pixels. No elements were 

moved in the left image. 

 

Figure 34. Source side-by-side format image created in Adobe Photoshop. The total width of 
the image is double the device screen display width i.e. 2560 pixels (1280 pixels x 2) 

As a working method, we found it useful to use the stereoscopic image rendering 

features within Adobe Photoshop. This feature renders the side-by-side format images 
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e.g. to anaglyph format (see Figure 35). Hence, using anaglyph glasses we were able to 

work directly in 3D whilst optimizing the graphic design.  

 

Figure 35. Example image from the application. Here, rendered as a red/cyan anaglyph to 
enable viewing in this document with anaglyph glasses. 

8.4 Discussion on the Concept Design 

During the iterative design process several interesting aspects were highlighted that not 

specifically covered in prior art e.g. (Broy et al., 2014). These are discussed further in 

this section.  

Related to use of a drop shadow as a visual depth cue, we found that placing the shadow 

on the same depth level as the floor causing it, created some incongruity in the view. By 

experimentation we discovered that placing the shadow on the same depth layer as the 

floor on which it would be cast, i.e. the naturally occurring case, created a more 

harmonious effect. 

In order to enable lower floors to be seen, we rendered the upper floors with some 

degree of opacity. Here, applying different opacity levels to object strokes vs. fills 

proved to be a beneficial approach. Although we experimented with very low levels of 

opacity for fills (0 - 10 %), relying on strokes to provide visual definition, we found that 

at such levels the stereoscopic effect becomes compromised.   

We found visualizing the stairs between the floor layers was particularly challenging. 

The solution we settled on was to visualize the staircases rather as icons placed on the 

map, rather than realistic representations of the actual stairs themselves. 
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9. Discussion 

9.1 Answers to Research Questions 

Considering our original research question, related to providing information and 

parameters required by the designers of mobile S3D UIs, we have been able to answer it 

as follows. 

We found a very large variation in the perception of S3D object depths between users. 

The variation in perception of 2D object size was also large, but somewhat less than for 

depth. Both size and depth perception were similarly degraded by walking. 

Additionally, when walking, users held the device differently when using a S3D UI vs. 

a 2D UI, the mean device angle being 57° for 2D vs. 63° for S3D. This wide variation in 

user performance, and additional interaction overhead, should be considered when 

designing S3D UIs.  

The mean press positions on visual targets at all z-depths on a S3D touch screen were 

almost identical, i.e. there was no discernible offset caused by placing targets at 

different z-depths (although our analysis was limited in that we did not separately 

analyse users based on their dominant eye). Additionally we found no effect of target 

location on the display on the users’ accuracy in 2D or S3D cases. However, the 

variance in press accuracy in the S3D case was much larger than for 2D, and this 

difference was more pronounced when walking.  

When in static usage, to achieve the same performance as 2D, S3D touch targets need to 

be horizontally wider (7.6 mm for 2D vs. 9.8 mm, for 3D for 95 % presses on target). 

To support usage whilst walking, the size of the touch targets on a touch screen S3D 

user interface needs to be significantly larger than the corresponding minimum for a 2D 

interface. In our study the minimum sizes for 95 % presses on target was 8.4 mm x 9.2 

mm (width x height) for 2D vs. 12.0 mm x 10.4 mm for 3D. Although these values are 

based on the test device used, it is expected that they should be generally applicable to 

other similar S3D devices. For example, the presented minimum touch target sizes in 

millimetres should serve as initial guidelines for UI designers of other S3D touch screen 

products intended for mobile use. 

Considering visual aspects of S3D UI design, we propose, for example, that different 

opacity levels are used for fills vs. strokes and that drop-shadows are placed correctly at 

the depth on which they would naturally occur. 

9.2 Limitations of the Work 

There were several areas where our study process could have been improved. Based on 

the wide variation of performance between users, considering the use of an alternative 

participant selection methodology may have been appropriate.  The random selection 

process we employed did not give adequate data to enable investigation of performance 

by individual criteria such as eye-dominance with the limited sample size used. Also, 

clearly the use of a larger sample may have enabled other significant results to be 

identified. 
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Considering the empirical study, the format in which the data was logged in the 

empirical test proved to be rather clumsy to analyse and required extra time to first 

reformat the data. In a similar area, the accelerometer that was logged during the same 

test could have been logged with greater granularity than the single point per target that 

was logged in the used test configuration. This would have then perhaps enabled issues 

related to the movement of the device during the tapping of individual targets to be 

investigated. 

9.3 Future Work 

Considering our empirical study it is interesting that visual examination of the 

distribution of presses (see Figure 21) suggests a slight shift to the right whilst walking. 

This appears similar for both 2D and S3D cases. The reason for this is unknown and 

would require further study. Possible causes could be differences in the distance 

between the users’ eyes and the screen, or differences in the viewing angle. Such small 

differences may prove relevant for tasks requiring the pressing of very small targets, 

such as on screen QWERTY keyboards used for text input, whilst walking. 

The current study was rather limited in its investigation of differences in the way users 

hold the device whilst static and walking, for 2D and S3D. Device angle was recorded 

only at the time the screen was pressed and only the average angle was analysed. It 

would be interesting to investigate the amount of movement during the task, and to 

relate this to the different physical approaches (grip, device position, etc.) employed by 

users to maximize their performance in using the device whilst walking. It would also 

be interesting to repeat the empirical study using the S3D tablet device that was used in 

our prototype application implementation. 

For our prototype indoor navigation application clearly our planned next step is to 

conduct a user study and comparing our application’s performance in an indoor 

wayfinding task against that of conventional 2D solutions and examining the 

contribution of the individual design components to the overall experience. Here, one 

interesting aspect is to compare the glancability of the two presentations. As a future 

design direction, for buildings with a large number of floors, some level of interaction to 

select floors of interest should be considered e.g. for handheld navigation based on the 

location of the device and the target destination. Similarly, it may not be necessary to 

visualize all levels with the same visual granularity and there may be benefit in 

conveying only general depth context information, rather than a detailed map for all 

floors. 
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10. Conclusions 

In this thesis I have explored the area of user interface design for mobile stereoscopic 

devices such as mobile phones, tablets and cameras. Firstly, I presented the motivation 

for the work, highlighting the increasing penetration of S3D devices and the current 

interest in UIs utilising 3D effects, but without stereoscopy. Taking this into account, 

this thesis addresses the current limited guidance provided to the designers of mobile 

S3D UIs. I then introduced the background of stereoscopic 3D technology to the reader 

and presented a summary of prior research in the area, considering both user 

performance and user experience aspects.  

The applicable study methodologies have been described and an empirical study based 

on a S3D tester application developed by the author has been reported. Here, the 

accuracy, depth perception and subjective experiences of 27 test participants were 

measured in a user test and analysed using statistical methods to establish significant 

effects. Additionally, the author implemented a prototype S3D indoor map application. 

The application’s production is described and key findings related to visual depth cues 

are discussed.  

The detailed conclusions of this thesis provide practical guidance for the developers and 

designers of mobile stereoscopic 3D device UIs, both on the usage of depth to convey 

information, and on the touch target size required to interact with the UI. To summarize, 

the main findings are: 

 For input accuracy, both walking and S3D caused a significant increase in the 

mean error distance. 

 Users’ subjective perception of the input accuracy task was that using the S3D 

display was significantly harder than the 2D display, and was significantly 

harder when walking than when static. 

 When walking, users hold the mobile device with S3D UI at a different angle 

in comparison to 2D UI. 

 The minimum target size for mobile S3D touch screen interaction is presented. 

 When using visual effects on a layer, for example a drop shadow, it should be 

rendered on the depth layer where it naturally would fall, not on the  layer 

causing it. 

The prototype S3D map application developed as part of this work offers, to the best of 

my knowledge, a new perspective for designing map based UIs, and tackles the design 

challenges which are especially relevant for complex indoor spaces. Overall, I believe 

this thesis provides a good starting point for further research in the area, for example for 

those practitioners that target to extend the current body of researched S3D UIs to other 

application areas. 
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12. Appendix I – Test App Code Snippets 

Code snippets for key functions in the accuracy and depth tester are given below. 

12.1 Common in both accuracy and depth tester 

The accelerometer values logged when targets are tapped are smoothed via a simple 

weighted sum algorithm. 

 

The stereoscopic effect is created by drawing left eye bitmaps to the left side of the 

screen, and the right eye image to the right side of the screen. The 2 images are offset by 

the depth value in pixels. 

 

12.2 Accuracy tester 

The target positions for each test are created programmatically and stored in an 

ArrayList. The ArrayList is then shuffled to randomize the order in which the targets are 

presented to the user. 
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Data is logged on touch events. Following the up event, the test proceeds to show the 

next target in the sequence. 
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12.3 Depth perception test 

The 5 targets are created with x, y and z positions, and stored in an ArrayList. Here, a 

separate depthArray is used to store the depths of the targets. The sample target is then 

added as the 6
th

 element in the ArrayList. The targets are then drawn to the screen. 

 

The depth of the 5 targets is shuffled. The sample target depth is set using a random 

function. 
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Data is logged on touch screen press (action_down) and release (action_up) events. At 

the release event a hit test is conducted with each of the targets to ascertain which of the 

targets has been touched. 
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13. Appendix 2 – User Study Questionnaires 
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14. Appendix 3 – S3D Maps App Code Snippets 

The S3D indoor maps application was developed in B4A for the Gadmei E8-3D tablet 

device. 

The images are created in side-by-side format. The app then interlaces the image to a 

vertical interlaced format such that even pixels are taken from the left eye image and 

odd pixels are taken from the right eye image. As this functionality is rather slow on the 

tablet, images are pre-rendered to the vertically interlaced format, thus enabling a more 

responsive user experience. 

 

When the app is started or resumed from the background the parallax barrier is switched 

on. Similarly when the user exits the app, the parallax barrier is deactivated. It should be 

noted that the method of controlling the state of the parallax barrier is specific to the 

device. Control is by writing values to devices that are mapped to the file system and 

appear as regular files. 
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