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Abstract 

Although the fundamentals of how humans perceive the world in 3D and the techniques used to 

implement 3D display devices have been discussed for over a century, humans still rely on 2D displays 

for interaction with almost every digital device. This implies that humans have been missing a significant 

amount of information when viewing content on conventional 2D displays.  

This work presents the Holotab system, an interactive light field 3D display - an approach to make a 

glasses-free 3D light field display using a conventional 2D display and a lenticular sheet. The Holotab 

system uses 3D content encoded as streams of colour and depth information, then rendered using the 

Relief Mapping algorithm to ensure adequate performance for real-time applications.  

An essential type of task in a virtual 3D environment is the ‘path traversing task’, which can be 

accomplished using a system where users leverage the kinematic chain to perform bimanual input. The 

users control the camera viewport using the Holotab, and to perform object manipulation using 3D printed 

tools in parallel. In this study, we found that the performance of our path traversing task depends on the 

width, the length, and the curvature of a path, regardless of the relative position between the Holotab and 

the tools.    
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Chapter 1 

Introduction 

1.1 Overview and Motivation 

Over the years, two-dimensional (2D) display technology has achieved significant advantages, 

resulting in displays that have much higher resolution, are thinner, have better colour accuracy, 

and have larger sizes. However, an ideal display should simulate a window looking at a real 

world, a window that lets in infinite light rays of the outside scene and has the viewer’s eyes 

resample subsets of that scene at different eye locations. This type of information is somewhat 

excluded from normal 2D displays, which only show a fixed subset of light rays from the scene. 

The Head-Mounted Display (HMD) is an approach providing stereoscopic vision for viewers 

with a pair of displays, giving the viewers a more immersive viewing experience. Unfortunately, 

this comes at the cost of wearing a bulky HMD and possibly experiencing visual fatigue 

[72,77,95]. A systematic study by McIntire et al. [70] suggested that 3D displays have better 

support than 2D displays for depth-related tasks, especially complex tasks, namely real/virtual 

spatial object manipulations and spatial understanding/recall of objects. Therefore, this work 

exclusively focuses on interaction techniques for 3D displays. 

We believe the reasons 3D has yet to become as popular as 2D displays are:  

- 3D displays are relatively complicated to fabricate; 

 - displaying 3D content requires a large amount of data; and 

- rendering the 3D content is computationally expensive. 
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Last, but not least, designing effective interaction techniques for 3D interfaces is challenging 

[17,21] where traditional methods for 2D interfaces such as mouse cursor or multitouch are not 

applicable [89]. 

In the world of 3D displays, autostereoscopic 3D displays based on the Integral Imaging principle 

require a decent amount of fabrication effort and investment and are capable of providing depth 

cues to viewers. Moreover, they can be made with various form factors from mobile phone to 

wall-size display and are not much thicker or heavier than comparable 2D displays. Those 

reasons make autostereoscopic 3D displays the perfect 3D display solution for the masses before 

Holograms (the holy grail of 3D displays), becomes widely accessible. 

1.2 Contributions 

In this work, we present a design and the development of a novel 3D light field tablet PC 

prototype using a 4K 2D LED panel and a lenticular sheet. Our display provides horizontal-only 

parallax with 54 degree fields of view (FOV) distributed in 20 unique views. The same process 

can be applied to various 2D displays with different sizes and form factors. The orientation of this 

tablet in 3D space was captured using a Vicon system to provide camera viewport control to 

users, as well as a custom 3D printed tool for manipulating objects. 

Together with the hardware prototype, we ported an OpenGL light field shader onto Unity3D – a 

popular platform for game developing. This shader takes in the depth and colour input streams 

from a 3D scene to reconstruct this scene for viewers. We also suggested a few application 

scenarios which utilize the 3D capability of our light field tablet PC. 

We designed a set of input techniques for this tablet PC with two main categories: front of the 

display techniques and back of the display techniques, which we discuss further in Chapter 3. 

This led us to the final contribution: a user study to compare user’s performance between two 

types of input techniques using the Steering Law as the primary evaluation standard and a buzz 
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wire game as a task model. Our results showed that the Width, Length, and Curvature of a path 

have significant effects on the performance and error rates regardless of the input technique.  

In conclusion, we present four main contributions as follows: 

1. The design and development of a novel light field 3D display prototype.  

2. A graphic rendering process implemented in Unity 3D based on a combination of Depth 

Image Based Rendering technique and Relief Mapping technique. 

3. A design set of interaction techniques to be used with such light field displays. 

4. A pilot user study using the system and the interaction techniques based on the Steering 

Law with a 3D path traversing task and the buzz wire game. 

1.3 Thesis Outline 

This thesis is presented in seven chapters. The first chapter declares the scope of the thesis as well 

as the motivation for creating a light field tablet PC and designing its interaction techniques from 

reviews of advances in 3D display technology. 

The second chapter discusses the variety of related research in 3D displays. We introduce some 

different types of 3D displays, including head-tracking displays, projector-array based displays, 

multi-layer displays, parallax-barrier based displays, and integral imaging based displays. We 

also discuss the interaction techniques for these displays and investigate why bimanual interaction 

is important to these interaction techniques. 

Chapter Three presents the design rationale for the Holotab. It explains the design decisions we 

made for hardware and interaction techniques. 

Chapter Four describes the detailed implementation of the whole system. This consists of four 

main components, namely:  

- the process of building a light field display using a 2D LED panel and a lenticular sheet; 
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-  the positional tracking using a Vicon Motion Capture system;  

- how information of a scene is generated; and 

-  the light field rendering shader.  

This chapter also includes the application examples for the Holotab that target 3D 

telecommunication, virtual training for performing surgeries, and 3D CAD design. 

Chapter Five presents our user study with Holotab, which aimed to understand the user’s 

behaviour and their performance in a 3D steering task. This chapter contains the design of our 

study, explains how the software was implemented, and describes the results and observations we 

collected from the participants 

Chapter Six discusses the current limitations of our system including hardware and software, and 

suggests improvements for the future. 

Chapter Seven wraps up the whole thesis and concludes all of our achievements within this work. 

1.4 Collaborative Aspects of this Work 

The light field rendering shader using relief mapping described in Chapter 4.4 was originally 

developed by Xujing Zhang and Daniel Gotsch in OpenGL on Ubuntu using GLSL. The author 

then ported this shader onto Unity 3D on Windows 10 using an HLSL wrapper, and modified the 

properties of the shader to fit with the Holotab system. The buzz wire experiment was developed 

and executed in collaboration with Nicholas Radford. The author designed and built the Holotab 

prototype, integrated the Vicon system into the software, implemented the demo applications, and 

developed the rendering pipeline in Unity 3D. 
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Chapter 2 

Literature Review 

The Holotab project falls into the category of displays that can accommodate human 3D 

perception as if they are looking through a window into the real world. In the author’s best 

knowledge, the Holotab is the first handheld autostereoscopic display with an interaction 

evaluation. There are several types of 3D displays based on the technologies or techniques used to 

produce them, namely head-mounted displays, projector-array based displays, layered displays, 

parallax-barrier based displays, and integral imaging based displays. Each of these was 

introduced via a different method or device to capture the user’s input. In this section, we discuss 

prior work in these areas. 

2.1 Human 3D Perception 

Before the first display, human vision, especially its 3D perception, was demonstrated in the 

paintings of many famous artists and was studied by scientists. In 1838, Sir Charles Wheatstone 

[99] pioneered the concept of perceiving a 3D experience through display devices and his 

important conclusion was: “The mind perceives an object of three dimensions by means of the 

two dissimilar pictures projected by it on the two retinae” – an early representation of what is 

widely known today as Stereoscopic Vision. 

In the past, artists used different methods to simulate the 3D scene including shadows, 

perspective view, textures, and occlusion.  These methods are referred to as psychological depth 

cues which give a 3D sensation to the human brain [25,66].  At that time however, the concept 

called “depth-of-field” was not used in paintings, where objects seemed to be in focus no matter 

where they were located in 3D space, similar to pictures taken with a pinhole camera. Depth-of-

field [20] refers to the blurring effect caused when a person’s eyes are focused on a plane in 3D 
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space. A certain depth within the focused plane will be sharp or in focus, and the rest will be 

blurry or out of focus. This effect became popular with the invention of cinematography and 

photography using cameras and lenses to convey the depth perception from 2D images such as 

photos or movies. It was also adopted in computer graphics [7,50,83,84] to provide realistic 

rendering for virtual applications. 

Not just relying on psychological depth cues to evaluate the depth of a scene, human eyes can 

also rely on physical depth cues [81]. This results from having two eyes that are separated by a 

distance, and at the same time, which form a pair of slightly different pictures with a large 

overlapping area. The human brain then extracts the depth information of the scene from these 

images to reconstruct the perception of depth. From Figure 1, the four main Physical depth cues 

[30] are: 

• Accommodation. Refers to the action of changing the eyes’ focal length by adjusting the 

shape of the lenses in the eyes, hence deciding how the images that the eyes are looking 

at appear. It can be sharp (i.e. in focus) or blurry (i.e. out of focus). 

• Convergence. Represents the coordinated movement of two eyes to focus on a point in 

space by controlling both eyes to look at that point. The closer the object, the more the 

eyes have to converge. 

• Motion Parallax. By comparing the relative motion between objects from different depth 

levels in the scene, the objects closer to a viewer’s eyes will appear to move faster than 

those that are further away when the viewer’s head moves. 

• Binocular Disparity. Is formed by the difference between the picture taken by the right 

eye and one taken by the left eye. 
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Figure 1. Four Main Physical Depth Cues, Adapted From [30] 

By gathering information of all the depth cues, the human visual system has sufficient 

information to reconstruct the 3D perception of the scene. Figure 2 illustrates that physical depth 

cues have a more significant effect when the objects are closer to the eyes, while psychological 

depth cues are more useful for objects at further distances and tend to preserve overall effects at 

all distances [69]. Moreover, another observation we can make from Figure 2 is that at the range 

from 0 to 10 metres, binocular disparity has the greatest impact.  

Accommodation (Focus):
7BSJBCMF�GPDVT�DPOUSPM

Convergence:
*OEFQFOEFOU�DPOUSPM�PG
FZF�T�WJFXJOH�EJSFDUJPO

Motion Parallax
/FBSCZ�PCKFDUT�BQQFBS�UP
NPWF�GBTUFS�BDSPTT�UIF�WJFX

Binocular disparity (Stereo)
-FGU�BOE�SJHIU�FZF�TFF�EJòFSFOU
�BTQFDUT�PG�UIF�TBNF�PCKFDUT
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Figure 2. Strength of Depth Cues Based on Distances, Adapted From [30] 

2.2 Head-Tracking and Head-Mounted Displays 

Head-tracking display systems are capable of providing stereo images to user’s eyes based on the 

measure of the user’s head position in 3D space, and are thus considered multi-view displays. 

This fundamental idea was pioneered in the research of Sutherland [90], who created the first 3D 

HMD in 1968. This work inspired the evolution of Virtual Reality and Augmented Reality 

devices such as the Oculus Rift [75] and the Microsoft Hololens [71].  

Similar to the above systems, another approach providing a 3D user experience uses a high-

frequency projector or display which is capable of showing left and right eye images 

simultaneously for every frame, in addition to a head tracking solution. This approach requires 

users to wear a pair of shutter glasses similar to the anaglyph glasses used for 3D cinema [107] to 

provide depth perception. The Mirage Table by Benko et al. [8] was a stationary system setup 

with a depth camera to track the user’s head movements and other physical objects, while 

projecting a corresponding 3D image onto the user’s hand. Users observe stereo images through a 

pair of shutter glasses, where these images are rendered according to their perspective while 

manipulating objects with both hands. Hilliges et al. [40] implemented the HoloDesk – a tabletop 



 

9 

 

3D display solution using a mirror to reflect light projected from an LCD display to the user’s 

eyes. Unlike the Mirage Table, this created the sensation that objects are volumetric and floating 

in 3D space without special glasses. The zSpace platform [74] utilizes the built-in infrared camera 

to do head-tracking with a pair of shutter glasses while employing a 2D screen to render 

stereoscopic images.   

While delivering an immersive 3D experience and allowing two-handed interaction, HMD 

systems suffer from major disadvantages, namely Vergence-Accommodation Conflict (VAC) and 

vision obstruction due to the presence of the head-worn device. The former issue is caused by the 

mismatch between the eyes’ focus point and the distance to the displays, and results in visual 

discomfort and fatigue [75]. The latter issue is caused by wearing the HMD, which completely 

obscures the user’s vision and hearing, therefore leaving users unaware of the surrounding 

physical environment and restricting the possibility of interacting with other users nearby while 

wearing the HMD, as demonstrated in Figure 3. Therefore, HMD systems are not ideal for multi-

user scenarios. 

 

Figure 3. Virtual Reality Headset for Exerting Games [13] 
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2.3 Light Field Displays 

The current understanding of how light flows and is distributed in the physical world comes from 

a long history of research. In 1846, Faraday [27] suggested that light rays are the lines of force 

which generate a radiance through vibration and should be understood as a field. Adelson and 

Bergen [2] traced the notion back to Leonardo da Vinci who described light as a “radiant 

pyramid” and they pioneered the “Plenoptic Function”, which formally parameterized the light in 

space as a seven-dimensional function. The term “Light Field” was first coined in 1939 by 

Gershun [32], then formulated by Levoy and Hanrahan [59] as a four-dimensional function 

describing the information of incoming light from all directions at a point in 3D space.  

Light field displays render captured light fields for the viewer. These displays are capable of 

showing multiple 2D slices of the 4D light field. However, since infinite light rays are passing 

through a single point in space, it is not possible for light field displays to recreate the exact light 

field of the real world because it can only take finite subsamples of this light field. Several 

technologies are capable of generating light fields including projector arrays, layered displays, 

parallax barriers, and integral imaging. 

2.3.1 Projector Arrays 

This technique employs an array of laser projectors in a defined formation to display 3D content 

onto retroreflective materials. In the case of front-projection, those materials reflect the light back 

to the viewer’s eye from different angles. For instance, the Telehuman2 [35] telepresence system 

employed a circular array of 45 1280x720 pixels Pico projectors to front-project a 3D 

representation of a person into a life-size cylinder coated with a layer of retroreflective material. 

As viewers move around the cylinder, they can see different perspectives of the projected person. 

The back-projection approach projects light through a layer of lenslets or a lenticular array. For 

example, the 4D light field display by Tompkin et al. [94], which used four projectors to beam the 

light through a 198x160 lenses lenslet array, creating the effect of a 3D object popping out in 



 

11 

 

mid-air. Holografika introduced a large format 3D display called HoloVizio [3,5], which used 64 

projectors for back-projecting 50 megapixel content onto a diffused holographic screen, providing 

a 45-degree FOV. Nagano et al. [73] utilized 72 Pico projectors to front-project onto an 

anisotropic flat screen coated with a diffuser layer made of Luminit to prevent vertical diffusion. 

This setup can project real size 3D human faces with a 110-degree FOV. 

The major advantage of projector arrays is that they multiplex full-resolution 2D images. Rather 

than distributing the resolution of a single display across a FOV, those systems can be scaled up 

with more projectors in various formations; while projecting, they leave no bezels, the absence of 

which creates a seamless scene. For example, the HoloVizio [5] can be built as a small format 

solution with a 10 megapixel screen or as a large format solution with a 50 megapixel screen. 

However, as a tradeoff, those systems are large, bulky, and require a tremendous amount of 

calibration, which means they are not portable or mobile. 

 

Figure 4. Projector Array 3D Display, Adapted From [56] 

2.3.2 Layered Displays 

Projector array
Vertical
diffuser
screen

Vertical light-field block
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Rather than using a single display layer, this technique employs multiple light emitting layers 

stacked on top of each other. Not only can ordinary 2D panels be used, but different types of 

materials can also be used as display layers. For instance, Barnum et al. [6] used multiple water 

droplet layers pumped vertically in front of a laser projector. The content of each water layer was 

rendered and pumped asynchronously, creating a 3D effect with depth perception. Wetzstein et al. 

[97] introduced Layered 3D and Tensor Display [98]. These glasses-free light field displays 

consist of light-attenuating layers illuminated by backlighting. Similar to the projector array 

approach, layered displays require a complex construction process, and rendering the content is 

computationally expensive.  

 

Figure 5. The Construction of Layered 3D Display [97] 

2.3.3  Parallax Barriers 

In 1903, Ives [105] proposed an approach to create autostereoscopic displays that preserved 

horizontal parallax by placing a parallax barrier (a set of uniformly distributed fine slits) on top of 

a conventional 2D display. A picture displayed using this technique was named the Parallax 

Stereogram. The parallax barrier creates a rendition in the form of image strips for left and right 

eye pictures consecutively, as illustrated in Figure 6. When the users stand at the correct distance 

from the display, they will see only one set of strips as the barrier blocks the other sets of strips. 
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The drawbacks of this technique were investigated by Okoshi [76] who concluded that the heavy 

reduction of brightness from the original screen was caused by the barrier that blocked a portion 

of the light. He found the resolution was reduced by a factor of how many views are supported, 

and light diffraction through fine slits. Several solutions were proposed to mitigate these 

disadvantages including the use of dynamically adjusted property barriers [79], and time division 

parallax barriers [55] that dynamically switch pixels of left-eye image strips and right-eye image 

strips to retain a high resolution. Despite the drawbacks of the parallax barrier, this technique was 

applied to commercial products such as the HTC Evo 3D phone and the Nintendo 3DS. 

 

 

Figure 6. 3D Displays using Parallax Barrier, Adapted From [43]  

 

2.3.4 Integral Imaging Based Displays 

The integral imaging technique was pioneered by Lippmann in 1908 [61] through his effort to re-

create a 3D scene by retaining the angular resolution of the scene, as opposed to traditional 2D 

photography. Lippmann’s camera setup involved putting a film sheet at the back of a 2D array of 

lenses, rather than a single lens. Pictures taken with this setup were then developed and placed 

behind the same lens array to project the 3D scene back to viewers. This technique was notably 

enhanced by Ives in 1931 [44] and was used in various research areas, either for purely capturing 
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3D scenes (the Lytro camera [31] or the light field microscope [60]), for displaying stereo 3D 

scenes, or both.  

To create a 3D display following the integral imaging technique, a lenslet array or a lenticular 

array, so-called a Micro-Lens Array (MLA) as shown in Figure 7 and Figure 8, is placed on top 

of a conventional 2D display or projector. Then the pixels from the 2D rendition are projected 

and refracted through this MLA in different angles, corresponding to the lens characteristic. A 

lenslet array is an array of micro convex lenses, which is similar to a fly’s eye. It provides both 

horizontal and vertical parallax. Meanwhile, a lenticular array provides only horizontal or vertical 

parallax information by converting micro convex lenses into a linear array of semi-cylindrical 

lenses.  

Based on this technique, much research was conducted for a wide range of display sizes for 

multiple purposes. For instance, the Holoflex [34], a hologrammatic smartphone, provided 80 

unique viewports using a 160x104 lenses lenslet array. The TransCAIP [92] system by Taguchi et 

al. was a live 3D TV display system that captured a 3D scene with 64 cameras; the data was then 

reconstructed and displayed across 60 unique views using a microlens array. Lanman and Luebke 

[54] introduced a near-eye light field display, which was an HMD consisting of a pair of OLED 

panels, and a 14x8 MLA for each panel; this setup produced left and right eye images 

simultaneously, with an overall resolution of 146x78 pixels. 
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Figure 7. 3D Displays Using Lenticular, Adapted From [85] 

 

Figure 8. 3D Displays Using Microlens Array, Adapted From [46] 
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This technique has the same drawback as using parallax barriers. Because of the overlay MLA, 

the spatial resolution is reduced in order to support the angular resolution, i.e, to provide more 

viewports. For instance, if an integral imaging based display provides N views, then the 

resolution is reduced to 1/N of the underlying 2D display. However, an MLA allows all the light 

to pass through and retains the full brightness of the screen, making the rendered scenes look 

brighter than those using a parallax barrier. According to a comparison by Wetzstein et al. [97], 

integral imaging displays have an average 3D resolution, and are able to show multi-views with a 

relatively low fabrication complexity. 

Moreover, the resolution can be improved by employing a higher resolution display panel such as 

4K UHD, and balancing between the angular and spatial resolution with an appropriate MLA. 

The GPU technology is developing quickly that produces high performance GPUs, which are 

capable of rendering multiple viewports simultaneously with a fast framerate. These reasons 

make integral imaging a promising candidate for creating a thin and portable 3D display solution 

like the Holotab. 

2.4 Interacting with Virtual 3D Objects 

2.4.1 Bimanual Input 

Bimanual Interaction is an important concept that emphasizes how humans, while performing 

manual tasks, take advantage of using both hands for different roles. A pioneering study by 

Guiard [36] defined this as the Kinematic Chain of the human body, which visualized that two 

hands are connected, and they represent two motors that cooperate with each other, as the motion 

of one hand influences the motion of the other. The Kinematic Chain model also suggested that 

the preferred hand is more likely to perform smaller movements, but with a higher frequency than 

the non-preferred hand, which creates the contexts for the interaction. Zeleznik et al. [102] 

explored the impact of two-handed input on context-sensitive tasks such as camera navigation 

and object editing in a 3D space. This research pointed out that controlling more DOFs 



 

17 

 

simultaneously provided a quicker and more efficient performance on complex 3D operations; 

but, for some scenarios, this increased the difficulty of the task, which lowered the users’ 

performance. 

Various studies show that two-handed input improves human-computer interaction, and it is also 

recognized as beneficial [19,47] for manual and cognitive advantages [58]. Buxton and Myers 

[19] observed a significant improvement in terms of performance from a single-handed to a two-

handed method when the tasks were clearly separated between two hands. Experimental data 

from the study of Leganchuk et al. [58] illustrated that the performance difference among single-

handed and two-handed interaction was more evident when the cognitive difficulty of the task 

became greater. Yee [101] studied the asymmetric two-handed interaction on a touch-enabled 

tablet computer with a stylus; he found that even users who had no experience in two-handed 

interfaces were able to perform the tasks fairly quickly and effortlessly.  

2.4.2 Interaction Techniques for 3D Displays 

From the physical and psychological points of views, the human visual system requires more 

information than what standard 2D displays can offer. This motivates us to further delve into the 

territory of 3D displays, which provide both psychological and physical depth cues [30]. 

Using 3D displays allows viewers to perceive objects in their original 3D representations with all 

the necessary depth cues. Those objects that appear to be floating in thin air and are going into the 

display, are not limited by the display itself. However, this advantage leads to an uncertainty of 

suitable interaction techniques for 3D displays, because of the completely different perception 

they provide. Conventional input devices such as keyboards, mice, or 2D touchscreens can be 

modified to work with 3D displays, but the modified input devices may not be the best fit. 3D 

interfaces tend to require input devices with more degrees-of-freedom (DOFs) to measure the 

position and rotation in the 3D space. Examples of this type of input devices could include a 

glove that tracks hand movements and orientations [103], a spherical device like Spaceball or 
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EGG [86], an HMD, a conventional mouse with a camera at the bottom instead of an optical 

sensor [41], a cubical mouse [29], and a human motion tracking suit [82].  

There are several methods to provide input to a 3D display, including body movements, hand 

gestures, facial expressions, and voice commands. One challenge for bimanual interactions using 

a light field tablet PC, is that the bimanual interactions are not necessarily “hands-free”, where 

the tablet itself could be a means to capture input, and be used to set up a context for interactions. 

Some systems use projector-array based displays or layered displays in which users’ gestures are 

captured using a Magic Leap camera. These include: the HoloLeap [49], a large-scale 3D display 

system that supports 3D object manipulation using gestures; the HoloPlayer One [64]; and the 

Looking Glass [65], which represents a tablet-size 3D display with gesture capturing devices. The 

zSpace system [74] provides a combination of input methods, including a stylus, a Leap Motion, 

and an Emotiv EEG headset. However, the aforementioned systems are still more or less 

stationary, and they require users to be stationary and perform all the gestural input within a 

limited interactable area in front of the displays. The size of the area is defined by the input 

devices. This fixed area creates a sensation that a barrier exists between users and the systems. 

The sensation of the barrier prohibits these systems from providing the experience of going 

through the display or going behind the display. For instance, the Space Top [57], a system that 

allows users to manipulate objects in a 3D space on a 2D screen, in addition to the traditional 

mouse and keyboard inputs; or the HoloDesk [40], which exclusively supports whole-hand 

interactions with 3D objects, while gestures are captured by a Kinect depth-sensing camera and a 

half-silvered mirror. Goble et al. [33] designed a 3D display system with two-handed interaction 

for neurosurgical procedure planning. To use this system, a surgeon sits in front of a high 

definition screen, holding two magnetic tracking devices, which have six DOFs each. One hand 

rotates and adjusts the viewport of a brain model, while the other hand manipulates the cutting 

plane.  
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2.4.3 Manual Dexterity in 3D: Steering Law and The Buzz Wire Task 

Fitt’s law [67] or the “Law of Pointing”, spearheaded a method to evaluate and predict user 

performance in Human-Computer Interaction. This law modelled a crucial task in any user 

interfaces – pointing at a target on a screen. Fitt’s law modeled the performance based on a single 

variable that described the log-linear relationship between movement time and the difficulty of 

the 1D pointing task. The formulated version of Fitt’s law is: 

 𝑇 = 𝑎 + 𝑏	(𝐼𝐷) 

Equation 1. Predicted Time Based on Fitt’s Law 

(1) 

This formula calculates the total time needed to reach a target on a screen, using a cursor with a 

certain difficulty level, or so-called the Index of Difficulty (ID), defined as: 

 𝐼𝐷 = 𝑙𝑜𝑔2 3
𝐷
𝑊
+ 16 

Equation 2. Index of Difficulty of Fitt’s Law 

(2) 

where D is the distance to the target and W is the width of the target. 

Accot and Zhai [1] proposed the Steering Law as a new model to evaluate traversing-based tasks 

in many computer interfaces. These tasks include navigating through a nested menu, moving a car 

or an airplane in 3D worlds, or sculpting a 3D shape. The original task was traversing through a 

tunnel in a 2D environment with a stylus, where users had to move a cursor along a constrained 

tunnel that appeared in different shapes: straight, narrowing, and spiral. The user performance 

was evaluated based on the total amount of time it took them to successfully moved the cursor to 

reach the end of the tunnel, without touching the sides. Crossing the sides of the tunnel was 

recorded as an error. The Steering Law model took into account the width and the amplitude 

(length) of a tunnel. These are the main factors that influenced the user’s performance, including 

the total movement time and the error rate. The factors described the tradeoff between movement 

time and accuracy. Faster motions make it harder to change the direction precisely; therefore, if 
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users move faster through the tunnel, they are likely to make more errors. The generalized 

formula for this model according to Accot and Zhai was: 

 𝑇 = 𝑎 + 𝑏
𝐴
𝑊

 

Equation 3. Predicted Movement Time of the Steering Law 

(3) 

where 𝑎 and 𝑏 are empirically determined constants, A is the amplitude (length) of the tunnel, 

and W is the width of the tunnel. The amount of time 𝑇 is usually measured in second and it can 

be predicted using (3). When users are moving through a narrower tunnel, they essentially have to 

slow down to control the cursor with a higher precision. On the other hand, traversing through a 

longer tunnel takes more time. 8
9

  represents the ID of the task. 

Since modern user interfaces are moving toward 3D, this poses a great challenge in evaluating the 

performance for 3D interactions, either using the Steering Law or Fitt’s Law, because they are not 

originally developed for the 3D environment. In order to perceive and interact within the third 

dimension, not only do users need to expend more effort, but a system also needs to provide more 

cues and feedback to users. Despite the fact that human beings grow up interacting with a 3D 

physical world with all the visual and tactile cues, interacting with the 3D virtual world is not as 

simple. One of the main reasons is the lack of depth cues and visual feedback from conventional 

2D displays. It does not help that most users are familiar with conventional 2D interfaces and 

with input devices such as a mouse, trackpads, and touchscreens, rather than 3D input devices, 

which require more effort to synchronize between hand movements and visual perception. 

In 3D space, curvature and orientation of a trajectory are the potential factors that can influence 

the performance of traversing tasks according to the finding by Liu et al. [62,63]. Those factors 

were not covered in the Steering Law. In their study, the participants needed to wear a head 

tracking stereo display, and used a six DOF stylus to move a ball through a tunnel of length L, 

width W, and angle b, representing the path’s curvature. The influence of curvature and 
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orientation can be understood as follows: when the participants move through the joint between 

the segments with the curvature or orientation changes, their speed is significantly dropped to 

maintain the accuracy [52,63], thereby increasing their travel time. Jax et al. [45] chose to extend 

Fitt’s Law to model steering behaviours in a 2D space, rather than using the Steering Law; they 

suggested that movement time depends on the overall path curvature. Lank and Saund [53] 

modelled the user’s motion in pen-based interactions like writing or drawing, and they applied the 

Power Law of Curvature by Viviani and Flash [96] on the Steering Law to analyze the effect of 

curvature on the user’s trajectory. Yamanaka and Miyashita [100] suggested an additional 

modification to the Steering Law to accurately predict the movement time of circular movements 

(i.e, movements with the curvature factor).      

However, Zhai and Woltjer [87] found no evidence of curvature impact on overall steering 

performance in their experiment, where the participants used a 2D screen and a car simulator to 

drive a virtual car on a straight road versus a left and right turning circular path. Tang [93] took 

the curvature factor into account in the study of traversing task using pCubee – a cubical 3D 

display in which the task is modelled as moving a ring along a thin wire. Although there were 

three levels of curvature, the author did not find the impact of curvature on the movement time. 

There is no clear guidance on whether or not curvature has any impacts on Steering Law, 

especially in a 3D environment, although it is an important factor in designing modern computer 

interfaces. 

The buzz wire maze shown in Figure 9 is a popular game, consisting of a metal ring rod and an 

electrical wire of different lengths, thicknesses, and shapes. This game requires players to move 

the ring rod along the wire from one end to the other without touching the wire. If a collision 

between the ring rod and the wire happens, a warning light or buzzing sound indicates an error. 

The difficulty of the game can be adjusted by decreasing the ring radius, increasing the length of 

the wire, or making sharp bend joints. 
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Not only is it fun to play, but this game also indicates the player’s ability to concentrate and 

coordinate between visual perception and hand movement. Therefore, it has become a well-

known apparatus used in physical and psychological experiments. Halligan et al. [37] conducted a 

five year evaluation of children’s emotional response capacities, where the children played the 

buzz wire game and the buzzing sound was triggered on purpose to observe their emotional 

reaction. Budini et al. [18] used the buzz wire task to evaluate the effect of the short-term 

dexterity training program. 

 

Figure 9. Physical Buzz Wire Game [104] 
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Chapter 3 

Design Rationale 

In this chapter, we describe our design decisions made during the implementation of the Holotab. 

We introduce a set of nine possible interaction techniques, divided into two main categories: front 

of the display and back of the display. These categories depend on the relative positions between 

the input device and the display. We also provide the rationale detail of each design decision in 

order to reflect the capabilities of the Holotab. For the scope of this work, we evaluated two 

interaction techniques from our design, which represent the two aforementioned categories. These 

interaction techniques represent the scenario in which users controlled camera viewports via the 

Holotab with one hand, while the other hand controlled a physical tool, similar to writing a letter 

with a pen.  

3.1 Design Decisions 

Designing a set of interaction techniques for 3D applications alone is considered challenging, and 

even more difficult if it is for a new device providing many degrees of freedom. The fundamental 

tasks for 3D interaction [39] include: 

• Object picking using ray casting or intersecting. 

• Operations to direct-manipulate objects (i.e. translation and rotation). 

• Operations to control the viewpoint of a camera (pan, zoom, or camera rotation). 

• Enhancing depth cues to aid perception using textures, shadows, or stereo displays.  

These led to the following considerations when the Holotab was designed: 

1. No head-worn apparatus. One of the issues with VR/AR interfaces is the need to wear 

bulky and/or uncomfortable headsets. These headsets may easily cause fatigue [15], 
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because in the real world a person only moves his or her eyes, not the whole head, to 

control the camera viewports. Moreover, these headsets also obscure users’ faces 

preventing facial expression clues for some multi-user scenarios. Users who have to wear 

glasses because of their near-sightedness or far-sightedness, will greatly benefit from this 

design decision. The system does not require them to put on extra glasses, nor does it 

require them to replace their glasses with contact lenses. 

2. Support multiple viewers. It is desirable for this system to support co-located physical 

collaboration in a virtual environment. Blanchard et al. [12] made the very first attempt to 

support two users in virtual reality using HMDs. The CAVE system [24] used a set of 

wall-projection screens and shutter glasses to provide 3D to multiple viewers, but it 

required all users to stay still or move together to retain the 3D effect. The Whale Tank 

Virtual Reality system [68] attempted to solve the multi-user problem in VR with a 

shared viewport mechanism using head tracking.  

3. Establish spatial versus angular resolution trade-off. In order to provide a 3D viewing 

experience with the Holotab using the integral imaging technique, we had to decide 

where the balance should reside between high angular resolution versus high spatial 

resolution. The angular resolution, or the number of views, should be sufficient to support 

stereoscopy from different viewing points, and at the same time, the spatial resolution 

should be sufficient to provide relatively sharp images (i.e, high spatial resolution). Due 

to the constraints of the current hardware, we chose to only support horizontal parallax, in 

order to mitigate the spatial resolution reduction, and the number of views was limited to 

20 horizontal-only viewports to retain higher spatial resolution per viewport. In general, 

the Holotab’s viewing angle is approximately 54 degrees from the centre of the screen 

with 2.7 degrees separation between left/right eye images. 
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4. Bimanual interaction support. The user can leverage both hands to control the Holotab. 

The non-dominant hand controls the camera viewport while the dominant hand provides 

input to the system.  

5. 3D Input in front of and behind the screen. The front and back conditions for 3D input 

are supported to provide a fluid depth sensation for users, when they are pushing an 

object into the screen or pulling it out of the screen. We made this decision because the 

objects displayed by the Holotab appear to be 3D (i.e, they protrude out of the screen or 

appear further inside from the screen plane, depending on their depth in the 3D scene).  

6. Employs a 3D virtual cursor. When users move the stylus behind the screen (where it is 

obscured), we chose to render a corresponding virtual cursor to aid the user’s perception 

of the tool. The tooltip rendering changes to match the physical tool shapes. The users 

then leverage the cursor to act as a guiding tool to interact with objects in the scene. 

7. Support one-to-one mappings between real-world input and graphics movements. The 

distance and the size of virtual objects have a significant impact on a user’s performance, 

when he/she interacts with the virtual environment [16]. The Holotab preserves users’ 

spatial awareness, and offers an one-to-one mapping of size, distance, and velocity. These 

can prevent the directional disorientation when users travel through the virtual space [14].   

8. Support parallel Kinematic Chain. It appears that the coordination of both hands can 

improve the performance of trajectory-based tasks as discussed in Section 2.4.1. Those 

actions can happen simultaneously, and so we required both the display and the input 

device to be tracked synchronously. 

3.2 Interaction Techniques 

In Section 2.4.2, we introduced a wide range of interactive 3D display systems that limited the 

interaction area to the reach of a motion tracking camera or a depth sensor, usually located in 
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front of the display. Systems such as the HoloDesk overlay the user’s hands that are located 

behind a see-through display with digital content. The design of these systems directed us to ask 

the question, should a 3D display system provide interaction proximity to both the front and back 

of the display? An ideal 3D display should be a see-through window to view the virtual world, 

rather than a physical barrier.  

Based on the capabilities of our light field tablet to track viewports, while simultaneously 

allowing tracking of physical tools, hands, or fingers, in both free space as well as on the 

display’s surface, we designed the following input techniques (shown in Figure 10) to further 

explore the similarities and differences between the two categories: in front of the display, and at 

the back of the display. 

3.2.1 Focused Interaction Techniques 

In this work, we focused on implementing and evaluating front versus back input conditions. We 

chose the two techniques listed below because they can be modelled and evaluated with the buzz-

wire traversing task and the Steering Law. We expected that the evaluation from this set could 

provide us with more insights on how people interact with the Holotab, and then adapt the 

evaluation for the other interaction techniques in our design. 

• Figure 10 a. Front of the display bimanual with physical tool input: The non-dominant 

hand holds and controls the display to manipulate camera viewports, while the dominant 

hand moves a physical tool to provide input. Used predominantly in front of the display 

to reach objects that appear in front of the display and toward the users. 

• Figure 10 b. Back of the display bimanual with physical tool input and virtual cursor: 

The non-dominant hand holds and controls the display to manipulate camera viewports, 

while the dominant hand appears to move a virtual tool rendered exactly as the physical 
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tool obstructed by the display. Used predominantly behind the display to reach objects 

that appear to be rendered inside the display. 

3.2.2 Other Possible Interaction Techniques 

The other techniques involving gestural input were not implemented in this work. However, they 

can be implemented using hand or finger tracking using the same method that we used for 

physical tool tracking. 

• Figure 10 c. Front of the display bimanual with gestural input and virtual hand: The 

non-dominant hand holds and controls the display to manipulate camera viewports, while 

the dominant hand provides gestural input in front of the display. This allows users to 

grab the virtual objects that appear to pop out in front of the display.  

• Figure 10 d. Back of the display bimanual with gestural input and virtual hand: The non-

dominant hand holds and controls the display to manipulate camera viewports while the 

dominant hand provides gestural input at the back of the display. This allows users to 

grab the virtual objects that appear to be rendered inside the display with a virtual hand. 

• Figure 10 e. Front of the display bimanual with gestural input only: The display is 

placed at a fixed spot, while both hands manipulate the virtual objects in front of the 

display. Viewports can be scrolled and zoomed using hand or finger gestures. This 

technique allows pop-out virtual objects to be grabbed and modified with both hands. 

• Figure 10 f. Back of the display bimanual with gestural input and virtual hands: The 

display is placed at a fixed spot, while both hands manipulate the virtual objects at the 

back of the display. Viewports can be scrolled and zoomed using gestures. This technique 

allows virtual objects appearing inside the display to be grabbed and modified with both 

hands. 
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• Figure 10 g. Bimanual hold: Both hands hold the display. Primarily used to control 

camera viewports to navigate and observe virtual worlds. This has a significant drawback 

that input is always limited to users’ vision as it is impossible to see the display in case 

the user flips it backward.  

• Figure 10 h. Unimanual hold: One hand holds the display. This is primarily used to 

control camera viewports to navigate and observe virtual worlds, while the other hand 

can provide gestural input or control the tool as described in other techniques. 

• Figure 10 i. Front of the display bimanual with surface multitouch: The non-dominant 

hand holds and controls the display to manipulate camera viewports, while the dominant 

hand provides multi-touch input on the display’s surface, similar to a conventional tablet 

PC. This technique can be used to perform an extrusion task on a 3D plane as non-

dominant. The non-dominant hand adjusts the height and angle of an extruding object, 

while the dominant hand changes the size of the plane. 

• Swappable extruder tool tips: In any CAD software, a set of simple shapes such as a 

square, triangle, rectangle, or circle are provided as default. Based on that, users can 

create more complicated models. Therefore, we designed the physical tool tips to be 

interchangeable with variable shapes and sizes, to best fit with the use cases. The virtual 

loop tool is rendered accordingly to the physical tool. This is an extra feature for the two 

focused interaction techniques. 
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Figure 10. Holotab Interaction Techniques: a) Front with Physical Tool; b) Back with 

Virtual Tool Cursor; c) Front with Gesture Only; d) Back with Virtual Hand; e) Front 

Bimanual; f) Back Bimanual; g) Bimanual Hold; h) Unimanual Hold; i) Multitouch 

a b

c d

e f

g h i
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Chapter 4 

Apparatus 

This chapter details the technical implementation of the Holotab, consisting of the hardware 

prototyping, the rendering algorithm, and the software implementation. In particular, we describe 

the process of attaching a lenticular sheet onto a conventional 2D LCD and building the light field 

display prototype. After that, we discuss the 3D tracking solution for the Holotab, the light field 

rendering pipeline, the data preparation process, and some application scenarios that can be 

supported by the Holotab. 

4.1 System Overview 

The Holotab is comprised of several different components, all participating in the construction of 

the Holotab, to make it perform light field rendering passively, and to provide 6DOF input for 

both hands without restricting the user’s movements. 

Figure 11 shows an overview of the Holotab system in real life. The user is holding the Holotab 

with his non-dominant hand and the stylus with his dominant hand. Both devices are equipped 

with a set of retro-reflective markers. While the user stands under a Vicon Motion Capture system 

mounted on the ceiling of the room, he will see a light field rendering on the screen as a see-

through window to the virtual content, corresponding to the Holotab orientation. Figure 12 

illustrates the components and their configuration of this system. These consist of a Vicon 

system, a computer running the Vicon Tracker software, and a computer running the Unity 3D for 

rendering. All of these components are connected via a gigabit ethernet network and through a 

gigabit ethernet switch.  

Due to the processing power required for real-time light field rendering, and to stream UHD 

content to the display at 60 Hz, the Holotab needs to be connected via a display port cable to a 
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custom-built computer with a 3.6GHz Intel i7 6850K CPU, 16GB RAM and an Nvidia GTX 

1080 GPU with 8 GB of VRAM. This PC runs a Windows 10 64-bit operating system. 

 

Figure 11. Physical Holotab System Overview 
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Figure 12. Holotab System Overview Diagram 

4.2 The Light Field Display Using A Lenticular Sheet 

Figure 13 illustrates the design of the Holotab. It had the overall size of 18 cm x 28 cm and 0.8 

cm thick, including the lenticular sheet. The display was an UHD 4K (3840 pixels x 2160 pixels) 

diagonal 16:9 Sharp LCD panel with a 352 PPI resolution. To avoid overheating the display’s 

circuitry, we put two layers of copper tape around the circuitry area and the back of the panel; 

these layers dissipated the heat evenly through the whole surface. The prototype weighted 650 g 

with the driver board attached to the back side of a laser cut wooden plate, and the light field 

display is glued to the other side. The signal cable connecting the driver board and the panel was 

dedicated, so we bent it and covered it with tape to keep it securely connected. While gluing, we 

had to prevent excess glue from getting into the connection points at the end of the cable to avoid 

damaging the panel. Another requirement was to minimize the amount of air bubbles between the 

LED panel and the lenticular sheet, as shown in Figure 14. We glued the lenticular sheet such that 
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it was at an angle of approximately 2.5 degrees to the display to reduce Moire effects of the 

delineation of pixels as suggested in the slanted lenticular sheet method, which we describe in 

Section 4.4.2. In order to do this, we rendered a sample scene with the rotation of the lenticular 

sheet at 2.5 degrees, and as we were gluing the lenticular sheet, we tried to rotate it to fit with the 

rendering to make sure it was at the same rotation angle to the LED panel. Figure 15 shows an 

example of a poor fitting lenticular sheet on the sample scene versus a good fitting one. 

 

Figure 13. Holotab Light Field Tablet PC. A: Front View; B: Back View; C: Side View 
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We created a wooden mount to hold the screen securely through the whole process. The early 

gluing attempts were rough because as we rotated the lenticular sheet, the screen moved slightly, 

making the adjusting step more difficult. 

The sheet of lenticular lenses was cut from a 20 Lenses-per-inch lenticular sheet manufactured by 

DPLenticular [26] (as shown in Figure 16) to the size of the display we used for the Holotab. This 

lenticular sheet consists of 125 lenses molded in a plastic substrate, and printed continuously as a 

convex semi-cylindrical structure. The gluing process was done manually following theese steps: 

a. Fully covered the circuit board and the connector areas of the panel with tapes. 

b. Securely placed the display panel on a wooden mount. 

c. Applied LOCA glue evenly on the display’s surface in a specific shape. 

d. Removed air bubbles in the glue layer. 

e. Slowly pressed the lenticular onto the panel. 

f. Adjusted the lenticular sheet to fit with the rendering. 

g. Clamped the setup down and cured with UV lights. 

With the early prototype, some users found it uncomfortable and they tired easily in just a short 

period of time while using the Holotab. This happened because there was no physical mechanism 

to support the weight of the Holotab, and the users did not have a good grasp of the Holotab. Also 

the screen’s circuit board warmed up quickly that unnerved users. Therefore, we added a custom 

made wooden grip to improve the Holotab’s ergonomics, prevented potential electric shocks, and 

reduced heat transferred from the display’s circuit board to the user’s hand. 
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Figure 14. LED Panel with Lenticular Glued. A: Top View; B: Side View  
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Figure 15. Lenticular Sheet Fitting. (A and B): Poor Fitting, (C): Good Fitting 

 

Figure 16. Close Up of the Lenticular Sheet Used for the Holotab 
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4.3 3D Motion Tracking System 

In order to capture the Holotab’s and the stylus’s positional and rotational information with 

millimetre accuracy, and to have a high-frequency data streaming, the Holotab relies on a Vicon 

Motion Capture system comprised of eight T040 cameras and an MX Giganet coordination box. 

This system is connected to computer running Vicon Tracker 3 software over gigabit ethernet. 

Vicon Tracker 3 permits up to 100 objects to be simultaneously tracked in the capture volume. 

4.3.1 Marker Patterns 

There were two unique marker patterns designed for the Holotab and the stylus as shown in 

Figure 16 and Figure 17. These patterns allowed the Vicon system to recognize and keep track of 

the devices accurately, and reliably, in most cases. The tracking process was not trivial because 

the Holotab and the stylus were continuously translated and rotated in space. This required the 

marker patterns to be most visible to the Vicon camera coverage, even if some of the cameras 

were obstructed by the user’s body.  

Each device posed its own difficulty when it came to finding an appropriate marker pattern. A 

critical requirement for choosing a Vicon marker pattern was to ensure the distance between any 

two markers remained unique. We knew that to avoid confusion, two pairs of markers should not 

have the same distance. The loop tool’s thin and symmetrical body made it difficult to find a 

marker pattern that satisfied the visibility and the distance requirements. Furthermore, most of the 

light field display’s surface was screen estate, which was not suitable for the placement of 

markers. We also tried to put markers at the back and the side of the Holotab, which was not a 

reliable solution. 

After experimenting with different marker patterns and their location on the Holotab, we came up 

with a solution. We 3D printed a tree branch shaped object that we glued on top of each device. 

This object provided a reliable marker visibility to the Vicon system with a fairly minimal 
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number of markers, as shown in Figure 16 and Figure 17. Due to the shape and thickness of the 

loop tool, we used more markers along its body to provide a more robust tracking performance. 

 

Figure 17. Loop Tool Marker Pattern 

4.3.2 Positional and Rotational Data Handling 

Positional and rotational data are transferred to the system by a server-client setup, where the 

server is the computer running Vicon Tracker software, and the client is the computer running 

Unity3D for rendering the light field scenes. Figure 18 shows the process of handling data from 

the Vicon server to client. The client initially creates a Vicon client object, this object then 

requests to connect to the server. If the connection is not established within three attempts, the 

program will then be terminated with an error. 
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Figure 18. Flow Chart of VICON Data Handling Process 

When a connection between the client and the server is successfully created, the client object will 

request the main segment name of the Holotab object, which is registered in the Tracker software. 

Upon success, the client will keep requesting positional and rotational data with the registered 

object segment name and object name. This process repeats every frame after the program starts, 

and ends when the program is terminated. 

Positional data is received as coordinates of the requested object in real space represented by a 

vector with three elements: 

𝑃 = (𝑥, 𝑦, 𝑧). 

Rotational data is received as a quaternion of the requested object in real space represented by a 

Quaternion data type in Unity with four elements: 

𝑄 = (𝑥, 𝑦, 𝑧, 𝑤). 
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To ensure the one to one mapping between the virtual space and the real space, there are two 

conversions applied to positional data, and one to rotational data. Because of the difference in 

measuring units between the Vicon system and Unity in which Vicon uses millimetre and Unity 

uses metre, the original positional data from the Vicon server is scaled to the Unity application by 

Equation 4. Also the Vicon system uses right-handed coordinates, while Unity uses left-handed 

coordinates. These required us to apply the coordinate conversions to the data as follows: 

 𝑃ABCDE = 𝑃FCGHB ∗ 0.001 

Equation 4. Vicon to Unity Scale Conversion 

(4) 

𝑃ABCDE = 𝑃FCGHB ∗ 0.001𝑷𝑼𝒏𝒊𝒕𝒚 = (−𝑷𝒚	, 𝑷𝒛	, 𝑷𝒙)𝑄ABCDE = (	−𝑄T	, 𝑄E	, 𝑄U	, −𝑄V)			 

 𝑷𝑼𝒏𝒊𝒕𝒚 = (−𝑷𝒚	, 𝑷𝒛	, 𝑷𝒙)  

𝑄ABCDE = (	−𝑄T	,𝑄E	, 𝑄U	, −𝑄V)			  

Equation 5. Vicon to Unity Coordinates Conversion 

(5) 

Although the Vicon system is extremely accurate with a high polling rate, it occasionally lost 

track of the Holotab and the tool. This happened when the marker patterns were obstructed, or at 

a certain view point at which the cameras confused the two marker patterns that were very close 

to each other. The Vicon system automatically set the positions of these objects to its origin, 

which was (0,0,0). This was frustrating to users. We resolved this problem by checking to see if 

the positional values from the Vicon pointed to its origin, and discarded that value, we then 

update the new positions of our objects with their previous. 

Minor vibrations occurred that caused user discomfort while they were trying to focus on the 

tasks. The vibrations were caused by the users’ hands performing minor movements 

unconsciously, and the fact that the Vicon camera’s suspension system was not absolutely static. 

These vibrations caused minor coordinate changes of the virtual cameras, which resulted in the 
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‘shaking’ effect. We wanted to have smooth animation, so we resolved the vibration problem 

through a combination of the following methods: 

a. Filtered out minor oscillations by comparing the positional data streamed from Vicon to 

the object’s position in the previous frame. If the difference was smaller than a defined 

threshold (0.004 metre in our case), then we did not update the object’s position with 

new coordinates; otherwise, we continued updating the position. We did not apply this 

filter on the rotational data because minor rotational changes could be resolved with a 

SLERP filter. We chose 0.004 metre after testing several thresholds and this was the best 

fit for our case. The thresholds that were larger than 0.004 prevented some precise 

movement. The thresholds that were smaller than 0.004 caused frequent minor 

oscillations.    

b. Applied LERP [106] – Applying the Linear Interpolation filter to positional data. This 

filter was provided in Unity to smooth out the transition between the two input vectors 

by linearly interpolating their values based on an interpolant, which was 0.5 in our case. 

This interpolant denoted that when transitioning from a starting point A to an ending 

point B, the filter returned a point at 50% of the distance between A and B (mid-point) at 

each frame, then marked this mid-point as a new starting point and repeated the 

increment. 

c. Applied SLERP [51] – Applying the Spherical Interpolation filter to Rotational data. 

This filter was provided in Unity to smooth out the transition between two input 

quaternions by spherically interpolating their values based on an interpolant, which was 

0.5 in our case. This interpolant denoted that when transitioning from a starting 

quaternion A to an ending quaternion B, the filter rotated only 50% of the full rotation 

from A to B at each frame, then marked the middle position as a new starting point and 

repeated the increment. 
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4.4 Light Field Rendering 

The process of rendering 3D content for the Holotab starts by capturing a set of colour and depth 

images of the current 3D scene in Unity. This set of pictures is transferred onto a relief mapping 

shader as input to build a relief map. Finally, the algorithm traces the light rays from the pixels 

under the lenticular sheet into this relief map to find the pixels’ colours. The results are the image 

strips where each image strip has the same width as a lenticule of the lenticular sheet. The strips 

are rendered such that they are at an angle of approximately 2.5 degrees to fit with the slated 

lenticular sheet in Section 4.2. To maximize the performance of this process, all the tasks are 

mainly handled by the GPU. 

 

4.4.1 Depth and Colour Images Capture 

In Unity, we created a set of two virtual cameras with similar settings and identical rotation 

angles. One camera was responsible for capturing colour information, and was called “colour 

camera”, while the other was responsible for capturing depth information, and was called “depth 

camera”. Each camera had a 3840 x 2160 pixels resolution, 16:9 ratio, 60-degree FOV, and a 

depth range from 5 to 15 units in Unity. The orientations of these cameras were set to vertical to 

match the orientation of the Holotab. The positional and rotational data of those cameras were 

provided by the Vicon tracking system, as described in Section 4.3.2. 

For each frame, a colour camera captured a single picture of the 3D scene and transferred it 

directly to a Render Texture (a special type of Textures in Unity allowing dynamic updates at 

runtime). This texture format is ARGB32, which has 8-bits per colour channel. We stored this 

texture on the GPU memory instead of the CPU memory due to performance issues. 

Asynchronously, a depth camera performed the same task as well as conducting one conversion 

from colour information to depth information using an attached custom shader. This shader took 
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colour images as input, then calculated the depth of every pixel in the images according to the 

near clipping plane and the far clipping plane of the camera, and returned a high precision 

floating point value in the range of [0.0, 1.0]. The final result was a grayscale depth map in 

RFloat – the 32-bit floating point format, where red represented farthest points and black 

represented closest points in the camera’s viewing frustum. 

From the scene in Figure 19, we captured the colour and depth information with the two virtual 

cameras, which resulted in two textures as shown in Figure 20. 

 

Figure 19. A Sample 3D Scene in Unity3D 
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Figure 20. Colour and Depth Textures of a 3D Scene (Screenshots from Unity). (left) Colour 

Texture; (right) Depth Texture 

4.4.2 The Data Representation of the Holotab  

With conventional 2D display systems, only a single view of the scene is shown on the display at 

a time, so spatial resolution is the only concern because angular resolution is always one. This 

makes the image preparing process for 2D display systems less complicated than their 3D 

counterparts. 3D display systems are capable of showing both spatial and angular resolution 

asynchronously, which requires more information and a more complicated input. 

One major use case of 3D display systems was 3D-TV. Research has been focused on creating 

high-quality, 3D colour TV systems to provide a natural viewing experience. To achieve this 

goal, there are some proposals explaining how to capture and encode the data for 3D-TVs. One of 

them was to use a stereoscopic video, which contained two images of a scene and displayed them 
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as the two individual video streams, one for the left eye and one for the right eye. Another method 

named Depth-Image-Based Rendering (DIBR) was proposed by Fehn [28]. This idea employed 

an extra video stream encoded for depth information of a scene, accompanying a conventional 2D 

video stream, and these two video streams must have the same resolution. The depth stream 

contains depth images in an 8-bit grayscale format, where values ranging from 0 to 255, encoded 

the furthest distance and the closest distance of the scene. To combine and display these video 

streams, there were four steps needed in the whole process: 1) 3D content creation; 2) 3D video 

encoding; 3) data transferring; 4) virtual view generation and displaying 3D content. 

 

Figure 21. Depth-Image-Based Rendering (DIBR) Process [28] 
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Figure 22. Data Representation for DIBR [28]. (left): Original Scene; (mid): Depth Map of 

the Scene; (right): 8-bit Depth Value Scale 

One advantage of DIBR is the straightforward integration into existing 2D-TV infrastructure, 

rather than having to build new infrastructure. The size of the 8-bit depth map is relatively small, 

enabling it to be compressed and transmitted easily, either by wired or wireless means, with a 

minimal amount of equipment and bandwidth. However, the quality of the rendering depends 

greatly on the quality of the depth stream, and calculating an accurate depth map from a real-life 

3D scene is not a trivial process. Moreover, the 8-bit representation becomes an essential 

limitation when sharp changes occur in the depth map, leading to unwanted holes because of 

disocclusion, as illustrated in Figure 23. This issue was addressed in various research. For 

instance, Park et al. [78] applied two smoothing filters on the original depth maps, but much 

information of the edges was lost. Chen et al. [23] used an edge-dependent Gaussian filter and 

interpolation to fill in holes while partially preserving edges. 
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Figure 23. Dual Smoothing Filters Technique by Park et al. [78]. (left) Original Depth Map; 

(right) Processed Depth Map 

Before the introduction of the DIBR, Berkel et al. [10,11] focused on implementing 3D LCD 

displays using 2D LCD panels and lenticular sheets. An image preparation process for such 3D 

LCD was spearheaded by Berkel [9], addressing the issues of lenticular based displays, including 

the impact of Moire-like effect and the one directional resolution loss. The proposed solution 

placed the lenticular sheet at an angle to the panel instead of placing it vertically. The prototype 

developed by Berkel shown in Figure 24 provides seven views with reduced Moire-like effect. 

However, rather than using a combination of depth and colour video streams, this image 

preparation process used ‘Octopus Multiview Editor’ – a program that allows users to create the 

3D rendering using a set of 2D images as input. This method was demonstrated on a real-time 

auto-stereoscopic system to visualize the 3D male knee CT images, where the 3D scene was 

reconstructed from a large 2D CT image dataset. Afterall, the system required a large 

computational power to render all the 2D views, and when the number of views goes up, the 

overall performance suffers greatly. 
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Figure 24. A Slanted Lenticular Sheet on an LCD, Adapted from [9] 

 

Figure 25. The Rendering Process of the Holotab 
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Based on the advantages that we discussed, DIBR was a suitable technique to inherit and apply to 

the Holotab system. Since we aimed to render a virtual environment instead of a real-life one 

using Unity 3D, and we possessed the absolute control over every object in a 3D scene, we were 

able to produce a high accuracy 32-bit depth map stream, which was smooth enough to negate the 

hole-effect of the original DIBR method, without the need for extra smoothing filters. Our 

process is shown in Figure 25, mimicking the DIBR process. The encoding and decoding 

processes for the depth and colour information were handled using Unity render textures. 

Meanwhile, the slanted lenticular sheet method was used to overcome the disadvantages of using 

lenticular sheets.      

4.4.3 Custom Relief Mapping 

All of our rendering for the Holotab was done by a custom OpenGL shader. This shader was 

originally written in GLSL by Daniel Gotsch and Xujing Zhang using the relief mapping 

technique. This shader then was ported onto Unity using an HLSL (Unity’s native shader 

language) as a wrapper by the author. We are not permitted to disclose further details of this 

shader. 

Based on our decision to use DIBR method for the Holotab (which requires two video streams as 

described in Section 4.4.2), we explore the methods of reconstructing a 3D scene from those 

inputs. This led us to the existing image mapping techniques in computer graphics. Those 

techniques are Bump Mapping, Normal Mapping, Displacement Mapping, and Relief Mapping.  

Bump Mapping technique [48] makes use of an 8-bit grayscale image of a target surface to create 

an illusion of depth for this surface, without modifying its original geometry, which means no 

additional details are added to the surface. The grayscale image indicates which pixel on the 

surface has to go up or down by the values from 0 to 255, where 0 represents details coming out 

of the surface normal, and 255 represents those coming into the surface normal. This method is 
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simple, straight forward, and computationally inexpensive, because it does not add more details to 

current surfaces. However, Bump Mapping requires suitable viewing angles to make the 

rendering appear realistic.    

Normal Mapping technique [88] is considered an improved version of Bump Mapping because it 

does not add more details to a target surface, but makes it appear 3D using a Normal Map. This 

map is an RGB image of the surface representing its X, Y, and Z orientation in the 3D space, 

rather than a grayscale map used in Bump Mapping. Similar to Bump Mapping, Normal Mapping 

also creates an illusion of depth, but leads to the same drawback, which is the viewing angle 

limitation.   

Displacement Mapping technique [91], in contrast to Bump Mapping and Normal Mapping, alters 

the original geometry of an object with a polygonal mesh that covers the whole object. 

Displacement Mapping employs a height map, i.e. a grayscale image. This image is used to create 

additional details for low-polygon count meshes by displacing each point on the flat surface 

perpendicularly with a corresponding grayscale value from the height map. This method can 

reproduce the correct self-occlusions, shadows, and silhouettes. But generating the polygonal 

mesh is computationally expensive, and more polygons means slower performance. For this 

reason, Displacement Mapping is not suitable for real-time applications. 

Relief Mapping [22] is a common technique used in topographic map making to signify the 

height of terrains such as mountains or seas. This idea was transferred to a rendering technique in 

computer graphics with the same name. We decided to use the method proposed by Policarpo et 

al. [80] that aims to render realistic 3D surfaces for real-time applications. This method can 

provide visually appealing results and assures a real-time rendering capability [4]. The Relief 

Mapping algorithm requires two texture maps of a scene as input, one is an RGB texture, and the 

other is a grayscale depth texture. These inputs conceptually fit with the DIBR method, and the 

textures are recorded using our virtual cameras. 
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The lenticular sheet redistributes the light emanating from the LED pixels into individual 

horizontal directions, allowing the Holotab display to modulate the light output sent to each 

horizontal viewing direction. The rendering result on the panel is a cluster of vertical stripes. 

Figure 26 illustrates that each stripe is a 3840 x 20 pixels image of a 3D scene in Unity 

representing a light field rendering of that scene. Hence, the setup can be conceptually understood 

as there is a set of 20 semi-cylindrical vertical lenses, with 54 degrees FOV each, individually 

taking pictures of a 3D scene at once. 

 

Figure 26. Clusters of Pixel Stripes Under the Lenticular Sheet 

The rendering runs in real-time giving us approximately 40 to 60 frames per second. The 

framerate depends on a scene’s complexity. We turned V-sync on to synchronize the rendering 

framerate and the screen’s refresh rate, to avoid display artifacts. This is the current maximum 

performance we can achieve with an NVIDIA GTX1080 GPU running at 90% to 100%, although 

the performance could be higher with a more powerful GPU. Figure 27 illustrates the final 

rendering of the algorithm on the LED panel without the lenticular sheet.  

Figure 28 shows multiple views of the Holotab from real life. Note that we shot these photos 

using a single lens camera, which did not offer a significant stereoscopy experience. The red 

rectangles illustrate different visibilities of the same object from 3 viewports. In all cases, the 

horse appears to pop-out of the background and is in focus. 
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In Figure 29, a user is holding Holotab with the rendering projected through the lenticular sheet; 

he is looking at an internal layout of a 3D car model, where the focusing plane is at the car engine 

block. 

 

Figure 27. A Raw Light Field Rendering Without the Lenticular Sheet 
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Figure 28. Multiple Viewpoints from the Light Field Display (Shot with an DSLR Camera). 

Top: Right View; Middle: Centre View; Bottom: Left View. 
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Figure 29. A User is Holding the Holotab and Viewing a 3D Car Wiring Model 

4.5 Application Scenarios 

In this section, we conceptually introduce some viable application scenarios using the Holotab 

prototype, together with its interaction techniques. 

4.5.1 Multiview Light Field Video Teleconferencing 

Using a 3D camera unit such as the ZED camera, (which is capable of capturing both colour and 

depth maps in real-time), we can acquire the necessary input for the Holotab to render multi-view 

light field scenes. Instead of sending only a colour video stream over the internet as conventional 

2D teleconferencing applications do, we also sent an additional depth video stream. Another user 

whom one is talking to, can have his/her Holotab to receive the video data streams over the 

internet and reconstructs the 3D model of the other person’s face. Moreover, if multiple users are 

joining the conversation at the same place, they can all see different perspectives of each other’s 
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face, and potentially determine the context of the conversation by eye noting eye gazing 

directions, i.e. note who the speaker is gazing at while speaking. In this scenario, the Vicon 

system is not necessary anymore, which makes the whole setup more compact and portable. 

Figure 30 illustrates our multi-view teleconferencing application where we represented a person’s 

face using the Holotab. The users could see different views of the face when they move around 

the display (notice the ears’ visibility). This also preserves the eye-gazing position where the tele-

user is looking toward. Despite the resolution reduction, the images were still relatively sharp 

with lots of details on the skin. The 3D face model was built using the Faceware Live 2.0 plugin 

for Unity, and the facial expression was recorded from a real user’s face using a webcam; the 

expression was mapped onto the 3D face, and was rendered with our light field shader. Note that 

the images were captured using a single lens camera, which might not fully convey the 

stereoscopy experience. 

 

Figure 30. A Multi-view 3D Representation of a Person’s Face from Holotab 

4.5.2 Virtual Surgery Training 
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VR and AR headsets have become a popular tool for surgery training. Users normally have to 

wears an HMD, while both hands hold two remote controllers to interact with the system. The 

users look at a patient’s 3D model through the HMD and perform the operations with the 

controllers. 

In our scenario, a surgeon can have his/her Holotab placed in a fixed position giving him/her a 3D 

representation of the patient 3D model. The surgeon is free to perform the virtual surgery using 

both hands to operate different tools, as well as the ability to swap tools when he/she needs to. 

Different 3D tools can be customized to mimic the real tools, or the surgeon can even use real 

tools by simply installing the tracking marker set. This may give the surgeon a more realistic 

feeling of the tools that he/she is accustomed to, rather than using the remote controllers. After 

that, the surgeon picks up the Holotab with a single hand and moves around the patient to visually 

examine the surgery area, or he/she can use a tool for examining the area with his/her dominant 

hand. 

4.5.3 3D CAD Extruder Tool for Designers 

In conventional CAD software such as the Fusion 360, the process for extrusion tasks requires 

users to create a starting 2D shape, repeatedly rotate the software’s 3D camera using a mouse or 

keyboard to find the correct extruding direction, and finally perform the extrusion. Complex 

shapes such as the example shown in Figure 31 need continuous extrusion in 3D through multiple 

axes. In this situation, the users have to rotate the camera non-stop, and precisely enough, to keep 

extruding the 2D shape. To review the 3D model after that, the users have to perform the camera 

control operations with their 2D input devices again, which take much time and effort. 

We proposed a more natural way to perform viewport control operations and extrusion tasks 

using the Holotab, illustrated in Figure 31. A 3D model is rendered in a virtual 3D space at the 

interactive area, with designer holding a tool shaped for what he/she needs to extrude, then moves 

the tool in the desired direction across 3 dimensions. At the same time, he/she uses the light field 
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display to keep track of the camera viewport to ensure that he/she is following a correct path. 

After extruding the shape, the designer can move around the 3D model and view it using the 

Holotab, or rotate the model around with the tool. For this case, the Holotab can also supports 

multiple users, which means colleagues or clients of the designer can review the model together 

with him/her. 

This demo application was also developed in Unity3D using on our light field rendering process. 

We mapped the position and the rotation attributes of a 2D shape in Unity with a Vicon object (in 

this case, our loop tool). When the user moved the tool, the mesh attached to the 2D shape was 

changed, and auto-generated to match with the received position and the rotation.  

 
Figure 31. 3D Extrusion Using Holotab. A: User’s View; B: Outside View; C: Model View 

(Screenshots from Unity) 
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Chapter 5 

Experiment 

This section presents an empirical study of the user’s performance, the questionnaire results, and 

the self-reported feedback from using the Holotab for two distinct bi-manual input techniques: 

Front of the display and Back of the display. We describe the experiment designs, the technical 

implementation, then the experiment process, and finally, we discuss the results and findings. The 

experimental tasks were modelled after the extrusion - a common operation in 3D CAD software. 

We used the Steering Law described in section 2.4.3 to model the difficulty of the tasks because 

this is currently the most well established model for these tasks, although some cited studies in 

section 2.4.3 are equivocal about the effect of curvature. However, our results did not show a 

correlation between predicted time based on the Steering Law and the acquired task completion 

time, suggesting that the Steering Law needs to be revised to account for the effect of curvature, 

particularly in 3D tasks. 

5.1 Participants and Training 

In this study, we invited 12 participants: 10 male, 2 female, who were all right-handed with a 

mean age of 25.1. All of our participants were graduate or undergraduate students of Queen’s 

University, they came from multiple disciplines with previous experience using tablet devices 

such as the iPad.  

Before going through the official trials, all participants were trained using a completely different 

trial setup, and not the official ones, as shown in Figure 32. This training was meant to ensure that 

they would not be familiar with any specific cases, and would be able to understand and perform 

the tasks. Each training trial shown in Figure 32 included three segments with the same width and 
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length, but having different angles and orientations in space. The training trials had only two 

dimensional constraints, which are the X and Y axes, rather than three dimensional constraints 

like the official trials. This ensured that no segments in the training trials came toward viewers in 

the Z direction. Upon the successful completion of a trial, the system would then randomly pick 

the next trial in the training set, continuing until the participant achieved a sufficient performance.  

In the training session, we measured the performance by penalizing one second for each error, 

and added this to the movement time. For instance, if a participant took 5 seconds to complete a 

trial with 5 errors, his/her performance was 10 seconds. A training session was completed when 

the movement time of a participant improved less than 20 percent time between two consecutive 

trials. We initially started with a threshold of 10 percent instead of 20, and it was too hard for the 

participants to complete the training session. When we tested the 20 percent threshold, the 

participants could accomplish the task comfortably and with reasonable performance.  
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Figure 32. Training Buzz Wires 

5.2 Experiment Design 

5.2.1 Independent Variables (Factors) 

In this experiment, the Input Method was our main factor, with two conditions: Front of the 

display (Front) versus Back of the display (Back). In both conditions, participants held the 

Holotab in the portrait orientation using their non-dominant hand, while their dominant hand 

controlled the physical loop tool. At the same time, participants experienced the 3D rendering 
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from the Holotab with horizontal motion parallax. We chose this factor because of the 

expectation that movements in front of the display might be constrained, as the rendering of 3D 

objects tended to appear to be inside the display, rather than protrude outside of it. Note that the 

Front condition indicates that the physical loop tool can be “floating” in mid-air and not 

necessarily have to touch the display’s surface. 

Moreover, we expected that the Front condition may requires a higher cognitive load than the 

Back condition. This existed because the participants observed both the physical tool and its 

virtual rendering on the screen in the Front condition, while they observed only the rendering in 

the Back condition.   

In the Front condition, participants held the physical loop tool in front of the light field display, 

and aimed it at the buzz wire part that appeared to protrude from the display’s surface, as shown 

in Figure 33. In the Back condition, participants held the physical loop tool behind the light field 

display, as shown in Figure 34. For both conditions, we created and rendered a virtual loop tool 

model, mimicking the exact size of the physical loop tool. In order to aid the occlusion of the 

tool, (particularly for the Back condition), this virtual rendering provided the current location and 

orientation of the loop tool on the buzz wire. 
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Figure 33. Front of the Display Condition 

 

Figure 34. Back of the Display Condition 
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The second factor was the Index of Difficulty (ID) of the task, defined by the Steering Law in 

Equation 3. This equation was designed for varying the size of a cursor, (the loop tool in our 

case), rather than varying the width of the path. However, we chose to vary the size of the buzz 

wire width instead of the tool, which can produce the identical effects. This was changed for the 

convenience of participants, so they did not have to repeatedly swap the physical tool on-the-fly 

to perform the task. Therefore, the equation in our case was: 

 𝑇 = 𝑎 + 𝑏𝐴𝑊 

Equation 6. Predicted Movement Time Based on the Steering Law 

(6) 

where 𝐴𝑊 denotes the Index of Difficulty. This assumed that a buzz wire trial was proportionally 

more difficult when the width of its segments increased. Therefore, the equation for calculating 

ID is: 

 𝐼𝑛𝑑𝑒𝑥	𝑜𝑓	𝐷𝑖𝑓𝑓𝑖𝑐𝑢𝑙𝑡𝑦	(𝐼𝐷) = 𝐴𝑊 

Equation 7. Index of Difficulty Formula for the Experiment 

(7) 

We varied 𝐴 with three empirically established segment lengths: 30 mm, 60 mm, and 90mm; a 

trial had only one length for all of its segments. Similarly, we varied 𝑊 with three empirically 

established segment widths: 3 mm, 6mm, and 9 mm; a trial also had one width for all of its 

segments. Those variables are roughly corresponding to the sizes found in the study by Liu et al. 

[62,63]. 

A trajectory in 3D may have more constraints than its width and length, contributing to its overall 

difficulty to traverse. For example, a path with sharp curves may require more time to traverse 

than a straight one. Therefore, the curvature of a path can potentially be one of its difficulty 

indicators beside the width and length. However, it was not covered in the general version of 

Steering Law, which suggested that curvature had no impact on the overall ID of the tasks, as 

follows: 
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 𝑇 = 𝑎 + 𝑏_
𝑑𝑠
𝑊(𝑠)

	

a
 

Equation 8. Steering Law Version for Curved Paths 

(8) 

where the curvature 𝐶 is simply modelled as an integral over a fractional change in the amplitude 

𝑠, with a certain corresponding 𝑊 at that amplitude. 

According to Zhai et al. [1], a path’s curvature does not impact the movement time in the case of 

traversing through circular tunnels in VR. Tang [93] empirically confirmed that there was no 

significant effect of path curvature on the user’s performance in a virtual 3D buzz wire task. This 

experiment however, employed a much smaller wire compared to the virtual ring, making it 

relatively easy to get through the curves. The smallest ring size in the experiment was discarded 

due to the high rate of failure it caused. Tang’s proposed curvatures did not include cases 

involving sharp bends, and the paths were placed on a 2D plane. This ignored the need to rotate 

the tool in another dimension, as in the case of a more complex buzz wire. Therefore, we chose to 

explore the impact of curvature using an Angle factor, outside the scope of the Steering Law. The 

Angle factor represented the angle of the bend between two consecutive buzz wire segments. It 

was varied between 0 degrees (straight connection), 135 degrees (or -45 degrees), and 90 degrees. 

To avoid a combinatorial explosion of trials when varying the angle factor along different axes, 

we decided to change the angle at the direction in between two consecutive segments in a trial. 

This left us with two angled corners of the same curvature connecting three straight segments for 

each trial. 

Subsequently, we had two input methods, which meant a trial must be performed twice. We 

varied three amplitudes, three widths, and three angles, resulting in 27 different possible trials. 

Therefore, in total, we had 54 conditions. We asked participants to perform trials in a randomized 

order, since complex counterbalancing using a nested Latin Square would yield too many trials to 

complete. 
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5.2.2 Dependent Variables 

Our goal was to measure the total amount of time it took for participants to complete the tasks 

(so-called Movement Time or MT), as well as how many times the wire was touched while 

traversing (so-called Error Rate or ER). The Movement Time timer started when the participant 

moved out of a start box and went toward an end box. In case there was backward movement at 

the starting box, the timer was reset and the participant was required to start again. When the 

participant successfully touched the end box without triggering the beeping sound, the trial was 

considered completed, and the timer marked the Movement Time. 

An error was counted when a collision happened between the loop cursor and the virtual wire. 

Continuously touching the wire after a collision was counted as a single error. However, the 

participant was not allowed to keep touching the wire and moving forward, and a violation of this 

rule resulted in a restart of the current trial. All measurements were recorded automatically by the 

program and transferred to a file for offline analysis, after a participant finished all trials. 

5.2.3 Hypotheses 

H1. Back of the display dominant hand input significantly improves MT over the front of display 

input. 

H2. Back of the display dominant hand input significantly reduces Error rate over the front of 

display input. 

H3. Amplitude and width significantly increase MT. 

H4. Amplitude and width significantly increase ER. 

H5. Angle significantly increases MT. 

H6. Angle significantly increases ER. 



 

66 

 

5.3 Procedure and Task 

Similar to the physical buzz wire game, this task required participants to move a physical loop 

tool along a wire without touching it, until they reached the end. The only difference was, in our 

case, the buzz wire was a virtual rendition. An overview of our procedure is illustrated in Figure 

35. 
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Figure 35. The Flow Chart of Experiment Procedure 
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All participants were instructed to sit on a chair while holding the tablet PC with their non-

dominant hand, and the physical loop tool with their dominant hand. They received hints to either 

control the viewport of the virtual camera (what they observed on the screen when moving the 

tablet in 6 DOFs), or move the tool in 6 DOF, or both. Their goal was to use both given devices to 

traverse through the virtual wire as fast as they could without any errors, freely using their 

methods of control. The buzz wire consisted of three segments: one up, one to the right, and one 

to the front. We asked participants to start from the bottom left of the wire – the up segment. 

They had to traverse up, to the right, and finally towards as shown in Figure 33. Note that we 

have no reason to assume that this directionality would have confounded results. 

To start a trial, a participant needed to move the loop cursor into a Ready box as illustrated in 

Figure 38, then proceeded to a Start box, waited for one second before hearing a start sound, and 

then start traversing. This event triggered the MT timer and the ER counter. Moving backward 

from the Start box reset both counters.  

When a participant accidentally touched any parts of the wire, a beep sounded, signifying an 

error, and continued to beep until the participant moved the inner ring area to the wire, or 

completely removed the loop tool from the wire. In either situation, the program treated that as an 

error and increased the ER counter. For the former case, we instructed the participant to re-adjust 

the loop tool to stop it from colliding with the wire; while in the latter case, we asked the 

participant to repeat the trial. Table 1 shows a combination of 54 trials, the order of the trials for 

each participant was randomly generated to counterbalance the learning effect. The Index of 

Difficulty (ID) was calculated using Equation 7. Index of Difficulty Formula for the Experiment. 

Table 1. The 2x3x3x3 Factors Combination Yields a Set of 54 Trials 

Mode Length Angle Width ID 
1 30 0 3 90 
1 30 0 6 180 
1 30 0 9 270 
1 30 45 3 90 
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1 30 45 6 180 
1 30 45 9 270 
1 30 90 3 90 
1 30 90 6 180 
1 30 90 9 270 
1 60 0 3 180 
1 60 0 6 360 
1 60 0 9 540 
1 60 45 3 180 
1 60 45 6 360 
1 60 45 9 540 
1 60 90 3 180 
1 60 90 6 360 
1 60 90 9 540 
1 90 0 3 270 
1 90 0 6 540 
1 90 0 9 810 
1 90 45 3 270 
1 90 45 6 540 
1 90 45 9 810 
1 90 90 3 270 
1 90 90 6 540 
1 90 90 9 810 
2 30 0 3 90 
2 30 0 6 180 
2 30 0 9 270 
2 30 45 3 90 
2 30 45 6 180 
2 30 45 9 270 
2 30 90 3 90 
2 30 90 6 180 
2 30 90 9 270 
2 60 0 3 180 
2 60 0 6 360 
2 60 0 9 540 
2 60 45 3 180 
2 60 45 6 360 
2 60 45 9 540 
2 60 90 3 180 
2 60 90 6 360 
2 60 90 9 540 
2 90 0 3 270 
2 90 0 6 540 
2 90 0 9 810 
2 90 45 3 270 
2 90 45 6 540 
2 90 45 9 810 
2 90 90 3 270 



 

70 

 

2 90 90 6 540 
2 90 90 9 810 

5.4 Implementation 

The software implementation of this study was built based on the technical representation of the 

Holotab in Chapter 4, including a dual virtual camera set up, the light field rendering shader, and 

Vicon tracking handlers for both devices. In this section, we describe how our buzz wire models 

were built, and how we handled the collisions between objects in the experiment.  

5.4.1 Physical Loop Tool and Loop Cursor 

To maintain the consistency between the physical loop tool and the virtual loop cursor in the 

software, we designed a 3D loop tool in Fusion 360. The model was torus shaped with a 21 mm 

internal ring, 5 mm thickness, and was attached to a 21 cm wand with the same thickness. A 3D 

model of the physical loop tool was printed for users to hold. Besides, we exported this 3D model 

file and imported it into Unity. 

We then created a mesh collider (the green area shown in Figure 36), which was the exact size of 

the inner ring area, and placed it inside the loop cursor. This allowed us to detect any collisions 

between the loop tool and the buzz wire. 

 

Figure 36. The Virtual Loop Tool Model in Unity with a Mesh Collider 

5.4.2 Wire 3D Models 
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A buzz wire for each trial consisted of five 3D models. Three of these were straight segments, 

and the other two were connector units. We manually assembled all the buzz wires using a set of 

basic 3D models, including a straight pipe, a 45 degree pipe, and a 90 degree pipe. The pipes 

were designed with Autodesk Fusion 360 and imported into Unity to maintain the precision of the 

measurement. All of the 45 degree and 90 degree connectors were designed with 16 mm in 

length, regardless of their widths. This meant a 3 mm 45 degree connector had the same length 

but smoother curvature than the 9 mm 45 degree one. We added two extra straight connectors to 

the 0 degrees trials to compensate for the shorter length of those trials, compared to other trials 

with curved connectors. As a result, the total length of the 30 mm, 60 mm, and 90 mm trials 

became 122 mm, 212 mm, and 302 mm respectively. 

 

Figure 37. Top-Down View of Connectors. From Left to Right: 3 mm, 6 mm, and 9 mm; 

Top to Bottom: 0 Degrees, 45 Degrees, and 90 Degrees 
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There were three extra boxes added to each buzz wire representing the internal stages of the 

current trial as shown in Figure 38. They were made invisible to prevent distractions for the 

participants. At the same time, each segment and corner piece were wrapped with the appropriate 

collider object to provide the collision information. 

 

Figure 38. Three Invisible Boxes and Colliders of a Buzz Wire Model 

 

Figure 39. The Light Field Rendering of a Buzz Wire Model Without the Lenticular Sheet 
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5.5 Results 

We analyzed the MT and ER fully factorially, using the input method (2) x Width (3) x Length (3) 

x Angle (3) ANOVA, and evaluated at an alpha level of 0.05. This meant no post-hoc tests were 

necessary. The analysis was performed using SPSS. 

5.5.1 Performance Analysis 

a. Mean MT and ER 

Table 3 shows the mean MT and ER for each input method. Results show that the mean 

MT was not significantly different between the two interaction techniques (𝐹(d,ef) =

0.02, 𝑛𝑠) . Meanwhile, there was a significant difference in terms of ER between the two 

conditions (𝐹(d,ef) = 3.9, 𝑝 < 0.05) 

b. Amplitude, Width, and Angle 

Since we had three levels for each variable, we labeled their influence to the difficulty of 

the task as follows: 

Table 2. Levels of difficulty labels 

Difficulty Amplitude Width Angle 

Small 3 mm 30 mm 0 degree 

Medium 6 mm 60 mm 45 degree 

Large 9 mm 90 mm 90 degree 

 

Table 4 shows the mean MT for the Amplitude, Width, and Angle factors. In our result, 

each factor of the three had a main effect on MT, where the effect of Amplitude was 

(𝐹(2,ef) = 178.5, 𝑝 < 0.01), the effect of Width was (𝐹(2,ef) = 7.0, 𝑝 < 0.01), and the 

effect of Angle was (𝐹(2,ef) = 62.5, 𝑝 < 0.01). 
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Table 5 shows the mean ER for the Amplitude, Width, and Angle factors. In our result, 

each factor of the three had a main effect on MT where the effect of Amplitude was 

(𝐹(2,ef) = 69.4, 𝑝 < 0.01), the effect of Width was (𝐹(2,ef) = 55.5, 𝑝 < 0.01), and the 

effect of Angle was (𝐹(2,ef) = 46.6, 𝑝 < 0.01) 

c. Interaction Effects 

We found no significant interaction effects on MT. However, there was a significant 

interaction effect between Angle and Width (𝐹(n,ef) = 3.9, 𝑝 < 0.01) on ER. 

d. Regression on MT using the Steering Law 

We performed a linear regression of MT using the ID from Equation 7, across 

participants and conditions, the linear regression showed an 𝑟2of 0.21	. 

 

 

Table 3. Means and Std Errors (s.e.) for Movement Time (in seconds) and Error Rate for 

each Input Method 

Input Method Movement Time Error Rate 

Front 11.4 (0.3) 3.9 (0.1) 

Back 11.3 (0.3) 3.5 (0.1) 

 

Table 4. Means and Std Errors (s.e.) for Movement Time (in seconds) for the Factors of ID 

Difficulty Amplitude Width Angle 

Small 7.1 (0.3) 10.7 (0.3) 8.7 (0.3) 

Medium 11.6 (0.3) 11.2 (0.3) 11.9 (0.3) 

Large 15.4 (0.3) 12.3 (0.3) 13.5 (0.3) 
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Table 5. Means and Std Errors (s.e.) for Error Rate for the Factors of ID 

Difficulty Amplitude Width Angle 

Small 2.2 (0.2) 2.4 (0.2) 2.4 (0.2) 

Medium 3.6 (0.2) 3.6 (0.2) 3.9 (0.2) 

Large 5.4 (0.2) 5.2 (0.2) 5.0 (0.2) 

5.5.2 User Feedback 

After finishing all trials, we asked participants to fill in a NASA TLX [38,42] questionnaire, 

consisting of six questions for six different categories. Each question had a 21-point scale rating 

for how demanding the tasks were; the scale measured from Low to High. We did not have 

separate questionnaires for Front and Back condition because the input method for each trial was 

random, so users might mix up the experience between the two input techniques in their answer. 

The questions are shown below: 

Table 6. The NASA TLX Questionnaire 

Category Question 

Mental Demand How much mental and perceptual activity was required? 

Physical Demand How much physical activities were required? 

Temporal Demand How much time pressure did you feel when performing the tasks? 

Performance How successful do you think you were in performing the tasks based 

on your goal or the tester’s goal? 

Effort How hard did you have to work (mentally and physically) in order to 

accomplish the tasks? 

Frustration How insecure, discouraged, irritated, stressed or annoyed did you feel 

when performing the tasks? 
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Based on the replies we received and recorded from all the participants, the mean scores were 

66% for Mental Demand, 62% for Physical Demand, 36% for Temporal Demand, 66% for 

Performance, 76% for Effort, and 62% for Frustration. The participants unanimously commented 

that the Front condition was more difficult than the Back condition.  

5.6 Discussion 

Based on the data we received, our hypothesis H1 regarding the effects of Front vs. Back input 

techniques were not confirmed for MT, which implied that Input Techniques did not impact the 

overall movement time. 

Meanwhile, our H2 was confirmed with a small difference, but it had a significant impact on the 

ER between two Input Techniques, where the Front condition caused about 11% more errors than 

the Back condition. This finding corresponded with the comments we received from the 

participants suggesting that the Front condition was harder than the Back condition. 

Based on our analysis of the video recordings and our observations, the participants mainly 

performed lateral movements with their non-dominant hand (holding the display). They tried to 

find the most comfortable point in which to view the 3D scene, and hold the holotab still, before 

performing rotational movements to traverse through curves using the loop tool. Some 

participants found it difficult to get through the third segment, which protruded in the Z-direction. 

This implied the effect of not just Angle, but also its orientation, on the difficulty of the task. 

During the training session, we hinted to the participants that they could rotate the display and the 

stylus at once, or hold the stylus still and rotate the display to see the scene. However, as the 

participants tried, they found it took more physical effort to do so, partially because the display 

was heavy. Some participants held both tools and moved their body instead, but they moved their 

body in a curve instead of a straight line. 
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The analysis confirmed H3 and H4, which implied that both Amplitude and Width could impact 

the MT and ER. However, the resulting 𝑟2 showed a poor fit of MT with the Steering Law from 

Equation 6. We also confirmed H5 and H6 by a significant and large effect of the Angle factor on 

both MT and ER. This finding strongly suggests that the original form of the Steering Law did not 

model this steering task in 3D space as well as we expected. Therefore, the Steering Law would 

need to be revised, as was suggested by Liu et al. [62,63], in order to consider the effect of a 

factor representing angles and orientations of a path in 3D. 

The interaction effect between Width and Angle on ER suggests a higher level of difficulty when 

traversing a thicker wire, as the corners become sharper curves. This level of difficulty may be 

related to the evidence from the scores, which confirms what participants thought about the 

curved buzz wires: they are more challenging.  
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Chapter 6 

Limitations & Future Work 

The Holotab presents a novel hologrammatic tablet PC, which supports multiple users, and 

provides a capability of rendering real-time 3D applications. However, the Holotab has some 

limitations in terms of its physical construction and its software. These limitations are described 

in this section, along with our future development plan. 

6.1 Physical Limitations 

The FOV of the lenticular array is currently too narrow and needs to be improved in order for 

viewers to have a better 3D experience. The resolution of the rendering is reduced by a factor of 

how many views it can provide, which could be resolved by using a higher resolution display 

panel with a smaller pixel size. Although the prototype weight is not heavy compared to other 

consumer tablet PCs on the market, the Holotab can cause fatigue after holding it for a long 

period of time. The weight can be lessened by using lighter materials for the build, and having a 

smaller driver board.   

The motion tracking is currently done using the Vicon system, which is considered cumbersome 

and immobile. To improve the portability of the Holotab, the Vicon system needs to be replaced 

with a smaller tracking solution, such as a depth camera, or an infrared camera, mounted on the 

Holotab. 

The tablet PC can be made fully wireless by employing a video streaming device to stream the 

rendering from the PC, together with an internal battery providing power to the LED panel. 

6.2 Software Limitations 

The relief mapping algorithm currently does not work well for every situation. It causes a 

feathering effect when there is missing depth information from the depth map. This can be 
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resolved with a pair of depth textures instead of a single depth texture, or performing ray tracing 

using more powerful GPUs. 

6.3 Future Work 

Hardware improvements including a higher resolution display, a lenticular sheet with more views, 

and a completely wireless design, will likely give users a significantly better experience using the 

Holotab. 

Since the two evaluated interaction techniques gave us some insights about the attributes that 

impact the user’s performance, the other interaction techniques in our design are next to be 

evaluated. This allows us to have better understandings of how users interact with light field 

displays in general, and especially in a tablet PC form factor. As the Holotab supports multiple 

users, we would like to explore the uses of the Holotab for collaborative tasks. 

At this current stage, the Holotab can provide visual and audio feedback to users, to help them 

recognize the stages of the system. However, haptic feedback is also a great option to 

communicate the system’s stages to users. In our future work, we would like to integrate the 

haptic feedback into the system to provide users with as many cues as possible to complete the 

tasks.   
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Chapter 7 

Conclusion 

 We presented the Holotab, a light field tablet PC consisting of a high definition 12.5” display, 

capable of providing horizontal motion parallax and auto-stereoscopy 3D content without the 

need for head tracking solutions. An array of 125 lenticules on the display projects 20 

horizontally unique views across a 54 degree FOV into the eyes of a single user, or multiple 

users, at a resolution of 3840 x 125 pixels. Users can manipulate the viewport of a 3D scene via a 

virtual camera that mapped to the Holotab. This tablet PC is optically tracked using a Vicon 

system. The Holotab can be an ideal system for trajectory navigation tasks. 

We reported on a number of bi-manual Front-of-the-display and Back-of-the-display 3D input 

techniques, including two that use a stylus for extrusion tasks. 

We evaluated the efficiency between Front vs. Back input with a stylus in a standard buzz-wire 

task modelled based on the Steering Law. Our results show no significant difference between 

Front and Back input techniques for movement time. However, Front input produced 11% more 

errors. We found significant effects of Amplitude and Width, as well as Angle, on both Movement 

Time and Error, and a poor fit of the Steering Law in our case. Our finding suggests the Steering 

Law needs to be revisited for 3D trajectory navigation tasks that involve manipulations of 3D 

angle. 
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