
論文 / 著書情報
Article / Book Information

題目(和文) 3D タッチとジェスチャー検出に基づき、ホログラフィックライトフィ
ールドディスプレーとの直接なインタラクション

Title(English) Direct interaction with holographic light field displays enabled by 3D
touch and gesture detection

著者(和文) SanchezAlexis

Author(English) Alexis Sanchez

出典(和文)  学位:博士（工学）,
 学位授与機関:東京工業大学,
 報告番号:甲第12192号,
 授与年月日:2022年9月22日,
 学位の種別:課程博士,
 審査員:山口 雅浩,渡辺 義浩,熊澤 逸夫,長谷川 晶一,中谷 桃子

Citation(English)  Degree:Doctor (Engineering),
 Conferring organization: Tokyo Institute of Technology,
 Report number:甲第12192号,
 Conferred date:2022/9/22,
 Degree Type:Course doctor,
 Examiner:,,,,

学位種別(和文)  博士論文

Type(English)  Doctoral Thesis

Powered by T2R2 (Science Tokyo Research Repository)

http://t2r2.star.titech.ac.jp/


Tokyo Institute of Technology

Direct interaction with holographic light
field displays enabled by 3D touch and

gesture detection

IVÁN ALEXIS
SÁNCHEZ SALAZAR CHAVARRÍA

(Student ID 19D18426)

SUPERVISOR

Prof. Masahiro Yamaguchi

CO-SUPERVISOR

Prof. Yoshihiro Watanabe



2



Contents

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i
Acknowledgment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii

1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 3D displaying techniques . . . . . . . . . . . . . . . . . . . . . 1
1.2 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Thesis structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 3D and 2D aerial Graphic User Interfaces (GUIs) 7
2.1 2D aerial Graphic User Interfaces . . . . . . . . . . . . . . . . . . . . . 7
2.2 Autostereosopic 3D image display devices . . . . . . . . . . . . . . . . . 8

2.2.1 Holographic Optical Elements (HOEs) . . . . . . . . . . . . . . 10
2.3 3D input hardware devices . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.4 Extensions of traditional interfaces for 3D interaction . . . . . . . . . . 13
2.5 3D tracking methods for user interfaces . . . . . . . . . . . . . . . . . . 14

2.5.1 Optical 3D sensing . . . . . . . . . . . . . . . . . . . . . . . . 16
2.5.2 Leap Motion controller . . . . . . . . . . . . . . . . . . . . . . 18

2.6 Interactive GUIs using 3D displays . . . . . . . . . . . . . . . . . . . . . 19
2.7 Discussion on remaining challenges . . . . . . . . . . . . . . . . . . . . 21

2.7.1 Hard-wired systems . . . . . . . . . . . . . . . . . . . . . . . . 21
2.7.2 Content registration . . . . . . . . . . . . . . . . . . . . . . . . 21
2.7.3 Content modification in real time . . . . . . . . . . . . . . . . . 23

3 3D GUI using a projection based holographic light field display 25
3.1 Previous work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2 Fabrication of the HOE-based LF display . . . . . . . . . . . . . . . . . 27
3.3 Calibration of the HOE-based LF display . . . . . . . . . . . . . . . . . 33

3.3.1 Projector-camera LUT computation. . . . . . . . . . . . . . . . 34

3



4 CONTENTS

3.3.2 HOE screen-camera LUT computation. . . . . . . . . . . . . . . 39
3.3.3 Fusion of both LUTs to obtain a HOE screen-projector LUT. . . 40

3.4 Final device specifications . . . . . . . . . . . . . . . . . . . . . . . . . 42

4 Interaction and 3D tracking based on scattered light 47
4.1 Principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.2 Limitations of previous approach . . . . . . . . . . . . . . . . . . . . . 48
4.3 GUI based on color detection of scattered light . . . . . . . . . . . . . . 49
4.4 Real time update of LF images . . . . . . . . . . . . . . . . . . . . . . 51

4.4.1 CPU based approach for updating the LF views . . . . . . . . . 51
4.4.2 GPU based approach for updating the LF views . . . . . . . . . 52
4.4.3 Optimization of LUT-based distortion . . . . . . . . . . . . . . . 52

4.5 3D tracking based on scattered light detection . . . . . . . . . . . . . . 53
4.5.1 Tracking of interaction using 2D movement detection . . . . . . 54
4.5.2 Tracking of interaction using color change detection . . . . . . . 55
4.5.3 Color identification model . . . . . . . . . . . . . . . . . . . . . 57

4.6 Interaction examples . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.7 Scattered light detection under arbitrary illumination . . . . . . . . . . . 62

4.7.1 Mixture of Gaussians (MOG)-based background subtraction . . . 64
4.7.2 Pre-sampling of the user’s finger . . . . . . . . . . . . . . . . . 65

4.8 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5 Fusion of scattered light detection and 3D tracking sensor 73
5.1 Rationale behind the fusion of scattered light detection and 3D tracking

sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5.2 Proposed method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.2.1 Fusion of the scattered light and the LM controller spaces . . . . 76
5.2.2 Transform estimation . . . . . . . . . . . . . . . . . . . . . . . 77

5.3 Registration error measurement . . . . . . . . . . . . . . . . . . . . . . 79
5.4 Integration into a GUI . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

6 Applications of registered sensor 87
6.1 Real time free drawing . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
6.2 Registered gestures grab and poke . . . . . . . . . . . . . . . . . . . . 88
6.3 Evaluation tasks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6.3.1 Unlock task . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
6.3.2 Box sorting . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93



CONTENTS 5

6.3.3 Circle tracing . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

7 User evaluation 95
7.1 Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

7.1.1 Unregistered case . . . . . . . . . . . . . . . . . . . . . . . . . 96
7.1.2 Registered case . . . . . . . . . . . . . . . . . . . . . . . . . . 97
7.1.3 Registered case with random mismatch . . . . . . . . . . . . . . 97
7.1.4 Experimental procedure . . . . . . . . . . . . . . . . . . . . . . 98

7.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
7.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

7.3.1 Swipe task . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
7.3.2 Box sorting task . . . . . . . . . . . . . . . . . . . . . . . . . . 106
7.3.3 Circle tracing task . . . . . . . . . . . . . . . . . . . . . . . . . 107

8 Conclusions 109
8.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
8.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

Publication list 115



6 CONTENTS



CONTENTS i

Abstract

To enhance the 3D Graphic User Interfaces (GUIs) recently developed, we propose to
apply the detection of the light scattered by a user when interacting with the LF repro-
duced by a holographic LF display, to track its movements and position. Color detection
is used to detect the user direction of movement, as well as its position in 3D space. This
spatial measurement is used to register the content with the spatial position of the user.
This technique is applied to the spatial registration between the displayed content and a
commercial gesture-3D tracking sensor. The combination of a registered sensor with an
implementation of GPU-based rendering that generates an integral image in real time
permits us to create a system where the user can interact with the content using gestures
and creating LF based on his movements in real time. The GUI with the registration
achieved with the proposed method is evaluated by a usability experiment, finding the
scenarios where this registration has a significant benefit in the task completion time,
demonstrating the improvement in the GUI usability.

This study presents details about the place this 3D display technique occupies within the
existing methods, the fabrication of the basic elements of the screen based in Holographic
Optical Elements (HOEs), the setup of the system and the description of all the steps
necessary to realize the evaluated 3D GUI.
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Chapter 1

Introduction

1.1 Background

1.1.1 3D displaying techniques

The purpose of a display is to depict objects and scenes we humans see in our world with
as much detail as possible. Two-dimensional (2D) displays are nowadays very developed.
They have been integrated into our daily lives thanks to the adoption of smartphones
with touchable screens that are capable to recognize several gestures and have other
interactive functions. Aiming to represent the real world exactly the way we experiment
it, technology to represent three-dimensional (3D) content has been under development
since the 17th century, when in 1692 the French painter G.A. Bois-Clair proposed a
method to divide a picture in stripes for showing a viewer different images as the viewer
walked in front of a painting [37], becoming the first proposal of a barrier method (see
Fig. 1.1). These methods later evolved into parallax stereograms, which is a technique
that enables a user to see two different views of the same scene from different angles,
alternated by the use of very thin stripes. All these methods are early demonstrations of
autostereoscopic methods, displaying different views of a scene without the user wearing
any special hardware. When the system requires that the user adapts his point of view
by using a dedicated hardware, then the system is classified as stereoscopic.

In 1908, Gabriel M. Lippmann proposed [40] to use a series of lenses in front of a
photographic film layer instead of the previously described parallax barrier. He proposed
to capture a scene using a lens array (similar to a fly’s eye lens, see Fig. 1.2), recording in
the photographic film the light rays (or light field, abbreviated as LF in the following) from
different viewpoints. The LF of the image would be recovered by impinging a backlight

1
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Figure 1.1: Left: Example of a parallax stereogram. This postcard from 1906 reveals
two different images depending on the position of the user. Right: Scheme showing the
principle of a parallax barrier screen. Source: [51]

on the recorded photograph and back propagating the rays through the different lenses
of the array. The result would be an image with a more accurate parallax and with
different views. Due to the practical difficulties of implementing Lippmann’s theory, it
was not tested until the 1950s by Roger de Montebello, who found severe limits on the
image depth that could be provided without blurring [8].

Another important breakthrough in 3D image reproduction was the development of
holography, which is a technique that is used to record in a physical medium both
the phase and the amplitude of an impinging light wave. This technique was first
demonstrated by Dennis Gabor in 1948 [19], but the requirement of a coherent light
source delayed its widespread use until the invention of the laser and the development of
the off-axis recording of holograms by Leith and Upatnieks, who polished the technique to
record three-dimensional table-top scenes [8]. Images generated by holography preserve
the depth cues thanks to the conservation of the phase information that would normally
be lost in a conventional photography exposure.

The development of this technique soon brought the desire of not only reproducing stand-
still 3D scenes, but of expanding this technique to reproduce scenes with motion. Since
the reproduction of the LF of a scene by a hologram has its origin in the interference
pattern created by the reference beam and the object beam, the most straightforward
idea to create a hologram moving in real time is to control these interference patterns.
This idea gave birth to the branch of holography known as Computed Generated Holog-
raphy (CGH). Although research on CGH is very active, there are several hardware and
software limitations to the creation of a 3D display of the adequate size and with an
angle of view large enough for it to be practical. One of them is the large amount of
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Figure 1.2: A lens array proposed by Lippmann to obtain an integral image. Source:
[51]

pixels, and therefore computational resources, required to obtain even a display with a
modest size. As an example, if we consider a pixel pitch of 1µm, and a size of 100 mm
× 100mm, the required amount of pixels is 1×1010. Compared to the 8K resolution,
one of the newest display formats, which manages on the order of 3×107 pixels, the
computational power required for a holographic display of that size is around 330 times
the one required for an 8K display.

An alternative to the generation of complicated diffraction patterns to realize an inter-
active holographic screen, is a technique called holographic stereogram. Holographic
stereograms angularly multiplex 2D computer generated or optically captured parallax
views of a scene [8]. These devices sample a scene more coarsely than interference-
based techniques, but that brings the advantage of being able to use common rendering
techniques and optically captured images. The coarse sampling helps to reduce the
computation time, reducing the bandwidth requirements and enabling a more dynamic
interface exploiting the capabilities of hardware available nowadays. In this research, we
will employ a holographic stereogram composed by holographic optical elements (HOEs),
which encode in a diffraction pattern the functionality of a convex mirror. This pattern is
used as the primitive diffraction pattern that will be used to angularly multiplex the light
and create a volume of light with 3D depth cues that the user can experience without
any additional hardware.

As 2D displays developed during the 20th century, the incorporation of touchscreens
and gesture recognition functions improved the Human-Computer Interaction (HCI) ap-
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plications and turned the 2D screens and the now ubiquitous smartphones into daily
life necessities. Now, the development of 3D displays demands that they count with
user interfaces (UIs) that can mimic and even improve the interaction 2D displays offer
currently.

One step into having 3D User Interfaces (UIs) has been the development of 2D aerial
interfaces. These interfaces reconstruct a 2D image in midair using optical devices such
as Fresnel lenses [47], Dihedral Corner Reflector Arrays (DCRA) [76] or Aerial Imaging by
Retro Reflection (AIRR) [70]. Similar to the case of holographic stereograms, they have
the merit of taking profit of the computational resources developed for 2D imaging even
in a more straightforward way, since they reconstruct in midair the 2D image created by
standard 2D displays using optical methods. They are little by little getting widespread
due to its hygienic features and impressive look by reconstructing a floating plane in 3D
space. However, they are still displaying 2D images and not reconstructing the different
captured views.

3D UIs that reconstruct different views of an object have been previously proposed. They
rely on the concept of ray-based Light Field (LF), which is inspired on the previously
described idea by Lippmann. Care should be put on distinguishing LF displays from
holographic displays, since both of them have different capabilities, different principles,
and different advantages. LF displays, although they reconstruct a 3D image in midair,
cannot reproduce the amount of depth holographic displays are capable of. On the other
hand, they can be updated at a much faster rate than holographic displays.

Interactive LF displays have been proposed before, and there are several examples of them
[79, 72, 54, 43]. However, there are only few examples (see [1]) that aim to register
the content with the position of the user to improve the realism of the UI. The existing
registration methods, although they are capable of matching the position of the user and
with the display content, are not automatic methods that can be seamlessly integrated
into a UI. Different from 2D interfaces, 3D interfaces have no physical medium for the
user to touch or make contact. Therefore, registration of these elements is a challenging
task that will be one of the main goals of the present research.

1.2 Motivation

The goal of this research is to give a contribution to the development of a more natural
and intuitive way to interact with a machine and its displayed content.
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Observing all the modern capabilities we enjoy today after perfecting the 2D touchable
interfaces, it is natural to think that enriching the current interaction by adding the
missing dimension will offer to the final user more freedom and capacity on whatever its
endeavor might be. Techniques to artificially reproduce the visible world around us have
existed for a long time, but the technology to update the 3D images and to capture the
gestures of a user is more recent.

There exist several ways to input 3D information of a user to a machine. We describe
several of them in chapter 2. We should not lose from sight that we are aiming at imple-
menting an interface as user-friendly as possible, avoiding the use of external hardware.
Another desirable feature is to have a correspondence between the displayed content
and the interaction, therefore the use of the 3D reproduced image is desirable. Since
3D displays are still a research topic, their interfaces are also not standardized. This
issue provokes that many 3D interfaces attached to 3D displays of different principles
are heavily dependent on the nature of the 3D system used, requiring special sensors
and cues that may be useful for the particular setup but make them difficult to use in
more general circumstances. Therefore, we would like to propose a method that can be
applied to many types of displays that reconstruct a LF as a real image.

In this work, we propose a method that is easy to implement and includes the corre-
spondence between the content and the user interaction. Since the dependency with the
display is only the creation of a real LF, it can be thought to be useful for other similar
systems that reproduce a LF.

1.3 Thesis structure

The present thesis is divided as follows:

• Chapter 2 provides a review on the most important 3D display technologies and
3D measuring sensors

• Chapter 3 will be about the principle of operation of the display used for this
research and how the scattered light detection is used as the principle to develop
a touchable interface.

• Chapter 4 explains the color classification, enhancement, and integration into a
LF display to measure the 3D position of the finger of a user using a single RGB
camera.The content of this chapter is mainly based on a previously published
article [53].
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Figure 1.3: Thesis structure.

• Chapter 5 covers the fusion of the scattered light detection with the 3D information
provided by a stereocamera based 3D tracking sensor.

• Chapter 6 shows the applications developed using the registration of the GUI using
scattered light along with the generation of LF images in real time.

• Chapter 7 provides a user evaluation where we analyze the scenarios in which the
registration of the GUI is most beneficial to the completion of a set of tasks. We
discuss the advantages and limitations of the proposed system.

• Chapter 8 presents the conclusions obtained by this study, future tasks and a
reflection on the future of 3D graphic user interfaces.

A diagram depicting the structure of this thesis is shown in Fig. 1.3



Chapter 2

3D and 2D aerial Graphic User
Interfaces (GUIs)

2.1 2D aerial Graphic User Interfaces

Floating images are a first approximation to the development of GUIs more integrated
in the 3-dimensional space of users. These devices form a real 2D image in 3D space,
which aids in the implementation of gesture interfaces by reconstructing an image in the
air, providing more space for movements. They also have the advantage of not requiring
hardware in a specific location to show an image in that particular position, which can
help in the implementation of AR applications in the future. Aerial GUIs usually work
by converging the light rays of a display into a specific 3D location using passive optical
components such as micro-lens arrays (MLAs), Fresnel lenses, diffusive screens, retro-
reflective arrays (also known as Aerial image by Retro-reflection or AIRR), slit mirror
arrays (SMA), dihedral corner reflector arrays (DCRA), among other techniques (see
Fig. 2.1).

7
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Figure 2.1: Some examples of systems that form aerial images in midair: (a) MLA and
high density (HD) display, (b) combination of MLAs, display and a diffusive screen, (c)
combination of display and slit-mirror array (SMA). Source: [27]

Since most of the proposed 2D aerial image systems reconstruct a 2D image in midair
using as a light source a conventional display, the latency of these devices can be very
low even when using current computational power of standard computers [71]. Since
these systems are adequate to create hygienic GUIs, their adoption has been progressing
and their standardization is already underway [11].

2.2 Autostereosopic 3D image display devices

It is important for this study to locate the nature of the 3D display that we are using,
within the extensive research body that covers the 3D imaging and capture field. There
exist several ways of creating a 3D display, and they all share the generation of the
3D perception by the user. This image might be perceived by only one or many users.
Systems that consider only a single user perceiving the depth cues are more common
and abundant, since it is easier to develop hardware focusing only in one view than in
all the possible views several observers might share simultaneously.

When a system produces an image for a single user, it can be due to two reasons: 1)
the system depends on the user to use a hardware piece on the eyes that aids in the
creation of the depth cues, or 2) the system tracks the head and/or the eyes of the user
and uses that information to direct the imaging resources to a position where the user
can perceive the stereopsis effect.

Displays that do not require the user to wear any dedicated hardware, generating the
depth cues by themselves, are called autostereoscopic displays. Since there is no extra
hardware requirement, depending on the display configuration, the 3D effect generated
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by these interfaces can be shared by several users.

The generation of 3D imagery without dedicated glasses in the eyes of the user can be
achieved by several methods. Some of them include:

• Parallax barriers: Displays use a vertical grating that shows odd pixels to one eye
and even pixels to another one, creating the stereopsis effect (see Fig. 2.2-(a))

• Lenticular arrays: Instead of using barriers, a cylindrical lens can play the role
of directing the correct views to the respective eyes (Horizontal Parallax Only -
HPO). Alternatively, a lens array can be used to generate the intersection of the
light rays based on the principle of integral photography, providing horizontal and
vertical parallax (Full Parallax –FP, see Fig. 2.2-(b))

• Volumetric displays: Produce imagery by grouping light-emitting physical vol-
umes. This can be achieved by either spinning mirrors at a determined frequency
[30], intersecting two invisible lasers to excite a region in space[6], using a varifocal
mirror [62], among many other methods.

• Holography: Based on reproducing the wavefront of an object by using a diffrac-
tion pattern previously generated through exposure or computed by an algorithm
based on wave optics.

Figure 2.2: Scheme of (a): parallax barrier-based displays and (b): Lens array-based
displays

Nowadays, there is a tendency to call hologram to any method to produce 3D and
floating 2D imagery. This use is essentially incorrect, since a hologram is the generation
of the LF of an object based on the reconstruction of its wavefront. This reconstruction
takes into account the amplitude, wavelength, and phase differences of the light waves
emitted by a scene. In that sense, a hologram is a more complete representation of
the LF of an object, offering to this date the highest resolution of 3D images and the
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most natural depth cues of all approaches. However, the complexity of updating the
fringe pattern responsible for the generation of LF, makes this approach not suited for
a practical and commercially viable 3D display in the near future [58]. The differences
between the different mentioned types of interfaces are depicted in Fig. 2.3.

Figure 2.3: Different GUIs, 2D aerial and 3D, that use different principles to create an
interface where the user can operate with free hands in the air. However, the 2D aerial
is only capable to reproduce 2D content in a floating plane. Although it is potentially
possible to incorporate 3D tracking detection to 2D aerial interfaces, the displayed con-
tent would remain in a plane.

The technique used by our group is a combination of lenticular arrays and a holographic
method known as holographic stereogram. Although the display proposed by our group
is not holographic in the sense that it does not reconstruct the wavefront of a scene, it
can be considered as holographic or diffractive since the impinging angle of light rays is
changed using an element produced with a holographic technique.

2.2.1 Holographic Optical Elements (HOEs)

A holographic display usually makes reference to a system capable of updating the
wavefront responsible for generating the scene. As mentioned in section 2.2, to update
this process is a difficult task and the current achievable sizes of these displays are small
and not enough to implement useful functions (see, for example [61]). Therefore, unless
a breakthrough development on computational capabilities occurs, this way of creating
a 3D display is not very feasible.

Displays based on parallax barriers or lens arrays, on the other hand, can be adapted to
work with currently available computational processing power. However, specially in the
case of lens arrays, the extra hardware required might be difficult to produce. It might
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Figure 2.4: Holographic recording and reconstruction of the wavefront of an arbitrary
object

also make the device bulky. For that reason, Holographic Optical Elements (HOEs) are
considered for these interfaces. Instead of having a lens array, the function that a lens
has can be recorded in a diffraction pattern (i.e., the hologram of the wavefront deformed
by a lens). This is done by following the holographic process described in section 2.2.
Holographic recording and reconstruction are depicted in Fig. 2.4. In ray optics, if we
consider a ray of light going through a lens, the output direction of the ray will depend,
among other factors, on the shape of the surface of the lens. In the case of HOEs, the
direction of the ray will depend on the hologram’s fringe structure (i.e., the diffraction
pattern).

HOEs have the upside of having the advantages of a hologram (i.e., its thin size and
transparency to wavelengths different from the one used as a reference wave). Lens and
mirrors, depending on the intended application, can be heavy and difficult to manipulate.
HOEs, being thin-films with the same functionality of these devices, can be very advan-
tageous. Since they are films, they can be combined with yet another film to create even
more complicated elements (see for example: [74]). On the other hand, some of their
downsides are that they can only operate in a narrow bandwidth (corresponding to the
coherent light source used to record them) and they are usually used as parts of more
complicated optical systems, not being possible to have recorded full optical systems on
their own (i.e., there is no “HOE of a telescope”) [10].

HOEs, having wavelength selectivity, are transparent to most light that does not fulfill the
Bragg condition of the array. Therefore, they can be used as elements of an Augmented
Reality (AR) system that combines content in the real world with virtually produced
content (see, for example, [38]) (see Figs. 2.5 and 2.6).

In this study, HOEs with the functionality of concave mirrors has been recorded in a
photopolymer by using as an object wave the wavefront coming from a camera lens.
This provides an optical element that expands the impinging parallel light rays into a
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Figure 2.5: Holographic Optical Elements. Left: Use of holographic recording technique
to reconstruct the wavefront reproduced by an optical element.Right: Recording of the
HOE of a micro lens array with a single shot technique, used in [23]

Figure 2.6: Background combination with the HOE screen to show its potential use as
part of an AR system. Source: [38]
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fan of rays that depend on the angle of view of the camera lens. By recording several of
these elements, we can have an array capable of intersecting the impinged light rays and
reconstruct the real image of an object in front of a user (see Fig. 2.3 - center).

2.3 3D input hardware devices

Since the main goal of this research is the development of a user interface to interact with
3-dimensional content, in this chapter we give a brief introduction of some techniques
developed for the detection of the 3D movements of a user. The detection of movement
in 3D space is something not yet standardized, therefore there is a very large taxonomy
on the topic. There exist many approaches and many kinds of hardware used to achieve a
3D user interaction. The techniques have also changed a lot in the span of many decades
of research. The classification presented here is based on a very extensive survey on 3D
interfaces [36], in which more details about hardware, software and detection techniques
can be found.

2.4 Extensions of traditional interfaces for 3D inter-
action

By traditional, we refer to the devices commonly used in computers that were initially
designed to be used on 2D environments. These devices can be adapted to work as 3D
user interfaces, but to work as such they need to be manipulated in unfamiliar ways by
the user. Some of them are:

• Keyboards. Keyboards are widely used in computer games with 3D cues (e.g.,
shooting games), having the advantage of providing many buttons (specially the
arrow keys) for all the tasks required during the interaction. The obvious drawback
is that they are big and impractical for immersive applications. Portable keyboards
for use in cellphones have been produced, as well as more portable chord keyboards
[36] that emulate the chords of a guitar by pressing different buttons at once to
give different commands (see Fig. 2.7-a). According to [36], a user needs a lot of
practice to be able to master a chord keyboard.

• Trackballs. Trackballs are rotating spheres embedded in the usual mouses that
allow the user 2D movement without the need of moving the whole device. Rotat-
ing the ball with a finger provides enough 2D cues for interacting with the system.
When used in 3D interactions, trackballs are combined with the keyboard to give
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more navigational directions (see Fig. 2.7-b).

• Joysticks. This kind of interface has a very long history in the computer interac-
tion field. Joysticks differ from mouses in that they continue moving the related
cursor as long as they are placed out of the neutral position. They are very used
in computer game controllers (see Fig. 2.7-c) and have been implemented as 3D
interfaces [36]. Their main problem is that they are not tracked (no orientation
and position given), not being very suitable for AR implementations.

• Desktop 6-degrees of freedom input devices. This is a mouse designed for
3D design, also named a ’CAD-mouse’. It implements more buttons that enable
an adequate 3D interaction in a common desktop computer. They are usually
used together with the mouse to choose menu options while designing. Since it
is mainly designed to be used in a desktop computer, it is not very used for AR
applications (see Fig. 2.7-d).

Figure 2.7: Some traditional 3D input hardware devices to achieve 3D interaction. (a)
A 12-key chord keyboard. (b) A mouse with a trackball. (c) Joysticks on a video game
controller. (d) Desktop 6-degrees of freedom input device with some of its gestures
indicated below. Source: [36]

2.5 3D tracking methods for user interfaces

The interfaces mentioned so far are devices adapted to the shape of the hand that try to
make 3D navigation more comfortable to the user by adapting physical buttons. They
make the navigation and hardware input more easy, but they do not match the natural
behavior that a person has toward the environment.

For example, if a user wants to lift a box within a rendered 3D environment and place
them somewhere else using a joystick, the user might need to direct a cursor to the
desired box, press a button to let the system know that the user wants to pick that
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item, and then proceed to lift the box by moving the lever. This is clearly something
the user does not perform within the real world when lifting something, and the user is
not capable of performing this task if he does not learn what button should be pressed
to select and which item within the 3D environment is the cursor selecting the box.
Furthermore, how is the user supposed to drop the box?

All these procedures should be learned by the user, either by trial and error or by learning
from a document, a tutorial or from another previous user. In that sense, devices that
are able to collect information about the body movements of the user can be used to
implement interaction based on gestures and tracking, where the user can profit from
its experience in the real world (e.g., grabbing something directly, as usually done in the
real world, and not via a series of instructions).

A step further towards implementing that kind of interaction is to track in 3D the
movements of a user. To do this, there exist several systems and methods. We provide
the next classification:

• Magnetic sensing. Based on a magnetic transmitting device and a receiver,
some applications to 3D interaction using this technology have been reported [7].
They are accurate to within 0.03 centimeters and 0.01 degree of orientation, but
they have the drawback of interacting with ferromagnetic materials present in the
room or worn by the user. Besides, they require the user to use a device.

• Acoustical sensing. These approaches aim to use the interaction of high-
frequency acoustic waves with an object to be able to locate it. The time it
takes for a sound wave to travel from the object to one or many receivers (mi-
crophones) is computed to determine the object’s position. There exist less bulky
approaches that use a high-frequency sound in a laptop’s speaker and compute the
position of a target by using the laptop’s built-in microphone. This approach is
not very accurate, but it allows the implementation of simple gestures [36]. Other
disadvantages of this approach are its interaction with sound sources, acoustically
reflective surfaces and low sampling rates.

• Inertial sensing. Inertial sensing refers to the use of gyroscopes, linear accelerom-
eters and magnetometers to measure position and orientation, as well as tracking
of the position of a determined system. They have been included in ships and
planes since the 1950s, but their size in that time limited their application. They
had to be implemented into microelectronic mechanical systems (MEMs) before
being present in most smartphones nowadays. Although, according to [36], there



16 CHAPTER 2. 3D AND 2D AERIAL GRAPHIC USER INTERFACES (GUIS)

have been some research works using these trackers for 3D gesture recognition,
they are more used for more rough estimates of position and direction.

2.5.1 Optical 3D sensing

Now that computers and cameras have become ubiquitous, optical sensing based on
computer vision is a very wide and active research area. All kinds of approaches using very
different types of cameras exist, from high definition to laptop cameras; stereo and depth
cameras are also very common. Since there are so many approaches in the literature
concerning optical sensing, a first classification of them consists on dividing them into
marker-based approaches and markerless approaches [36]. Additionally, depending on
where the sensor(s) is (are) located, they can also be classified into inside-out in case the
sensor is located in the user, or outside-in when the sensor is located in the environment
in which the user moves (see Fig. 2.8).

Figure 2.8: Classification of optical sensing approaches depending on the location of the
sensor(s) and on the use or not of markers.

When designing a user interface, the ideal approach is to make the user comfortable, not
forcing him or her to wear any devices for interacting with the system. As it is illustrated
in Fig. 2.8, the only category satisfying this condition is the markerless outside-in one.
We will focus on the approaches of this category, in which we can also include the
approach followed in this research. An extensive account of the other approaches (i.e.,
marker-based and markerless inside-out) can be found in reference [36].
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There are many approaches applied to 3D interaction that can be classified as markerless
outside-in. The most commonly found in recent literature are the ones based on depth
cameras. Some examples of depth cameras are:

• Stereo cameras. This approach aims to imitate the human visual system by
using two cameras horizontally separated. The cameras are then calibrated and
the depth of a scene is calculated from binocular disparity [36]. Some of these
cameras are capable of measuring hand depth and are commercially available,
such as Point Grey’s Bumblebee Stereo Camera [80]. Recognition of pointing
gestures approaches with stereo cameras have also been reported [48]. Maybe the
most widespread application of stereo cameras for hand gestures recognition is
the Leap Motion controller [81]. This controller uses two infrared (IR) cameras
along with three separate IR emitters, therefore, it can be classified as a stereo
camera approach which also relies on infrared illumination.

• Structured light. This approach consists on projecting on a target a known
light pattern with a defined structure (fringes, dots or some other patterns). The
captured image with the projected pattern gets deformed by the target. When
comparing this deformation to the known pattern, a 3D geometrical shape of the
target can be retrieved. Some approaches that use structured light to capture 3D
information of a scene, although not interaction, can be found in references [29]
and [28]. A review on real-time structured light profilometry can be consulted in
[63]. A hand gesture recognition method using the structured light-based Intel
Real Sense sensor has also been reported in [39].

• Time of flight (ToF) cameras. These devices work by measuring the time that
light sent towards a target takes to rebound on it and reach the sensor. Since
the speed of light is finite, the difference between the impinged illumination and
the received one generates a phase shift that is measured and converted into a
distance value, effectively estimating the depth of the scene. Just as the struc-
tured light-based cameras, the illumination is usually in the near infrared spectrum
(NIR). The most used and commercially available ToF camera is the Kinect cam-
era to be used with the XBox 360 console, produced by Microsoft Corporation.
According to reference [55], just as it happens with the Leap Motion sensor, lit-
tle technical details have been disclosed by Microsoft about its Kinect camera.
However, reverse engineering studies give more details about its functioning [55].
Applications of the Kinect sensor to 3D interfaces have been developed, most no-
tably the one presented in [9]. It should be noted that Microsoft has released its
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Kinect camera using 2 different technologies: Structured light-based (released in
2010) and ToF-based (released in 2013) [55]. Although the Kinect camera was
discontinued by Microsoft in 2017 due to lack of commercial success, the technol-
ogy was incorporated in 2020 into Azure Kinect, whose main applications are not
gaming but robotics and remote health applications.

2.5.2 Leap Motion controller

The Leap Motion (LM) controller will be an important element in this study. Therefore,
we dedicate this section to offer more details about its principle. As mentioned in the
previous section, the LM controller uses two infrared cameras to measure the position
of the hand based on stereo vision. Different from some versions of the Kinect sensor,
the LM controller does not use its IR light sources to emit a structured light pattern
and measure its deformation to create a depth map, but it rather lights up the scene
with these LEDs. A scheme showing the LM structure and the position of its LEDs
and cameras is depicted in Fig. 2.9. The required calculations to locate the hands
are performed in the host computer of the device, using a proprietary algorithm. The
LM hand tracking speed is up to 200 frames per second and the field of view of the
sensor can reach to up to 150◦[5]. Although that speed is the maximum frame rate
achievable by this device, latency variations dependent on the application have been
reported previously [18].

The LM, similar to other marker-less outside-in methods (see Fig. 2.8), counts occlusion
of the hands and fingers among its drawbacks. The way to deal with this problem is
the inclusion of a skeletal tracking model that provides additional information about
hands and fingers. This model assumes a hand has five fingers at all times, what allows
them to be detected, although they can be occluded depending on the pose of the
hand. Therefore, it is enough for the controller to identify just a part of a hand for it
to model the position of all the other fingers. In previous versions of the Leap Motion
software, the fingers would be deemed as vanished when occluded. The skeletal model
adds persistence to the fingers and robustness to the detection [86].

The skeletal model of the LM controller includes the position and orientation of the
bones of a hand (see Fig. 2.10). The information of the bones is numbered in a class
for its easy integration and use for GUIs.
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Figure 2.9: LM sensor photographed using IR imaging (a), and detailed view of the
structure of the sensor (b) Source: [66].

Figure 2.10: Diagram of the bones recognized by the LM (a), and visualization of the
hand model in the LM visualizer application (b) Source: [5]

2.6 Interactive GUIs using 3D displays

After presenting the display techniques (output information) and the capture techniques
(input information), we provide a state-of-the-art about some reported 3D GUIs.

Using what we have denoted here as traditional interfaces, an interactive full parallax
LF display has been demonstrated using wavefront recomposing to increase the angle
of view and decrease the image distortion[54]. Real time operation is possible, but the
main interaction tool is the keyboard.

Another more recent approach[43] that uses a tabletop LF display along with a Leap Mo-
tion controller, captures gestures and modifies the LF in real time accordingly using an
OpenGL implementation. Although somehow similar to what we will introduce in com-
ing chapters, the registration problem (matching between the user and the reproduced
content) is not addressed.

Something similar about the registration content-user can be said about the research
presented in [61] where they demonstrate the generation of the hologram of the path
the user traces with the finger using an SLM. However, the gesture is performed in a
place different to the LF reconstruction.
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An interaction method with LF images where the authors aim for a system robust against
occlusion has also been reported in [72], where the authors used a specially tailored light
source input along with a retroreflective sheet. Although they also take care of the
registration problem and include the measurement of the hand tilt, the system might
not be easily adaptable to display more complicated LF images.

3D interaction with registered interaction between the user and content was explored in
the system known as Holodesk[21], where the authors used eye tracking combined with
depth information provided by the Kinect sensor to create an interface where the user
can introduce the hands into the virtual space by placing them under a beamsplitter.
Although the user could experience 3D cues such as parallax, they were only visible to
one person at a time due to the eye tracking method. In addition, the user had to
interact behind the glass of a beamsplitter.

A system similar to Holodesk is one called Vermeer[9], which uses the Kinect motion
sensor and an IR sensor. These devices get coupled to a 360° viewable 3D display based
on two parabolic mirrors. The system also achieves interaction with the rendered volume
when the user touches it, but it is done using an IR sensor that does not necessarily
overlap with the light of the displayed content. Besides, the 360° viewable 3D display
is based on two parabolic mirrors facing each other, generating a real image floating on
top of the mirrors. In the classical demonstration of this kind of interface[2], a small
object is placed in the lower mirror to generate its real image above the system. In
[9], the image is generated by a spinning stage, a diffuser, and a DMD projector. The
system is limited by the size of the parabolic mirrors, which have to be much larger than
the reprojected image. This would make the required system too big and bulky for any
potential application.

Finally, we have other examples of 3D displays that have been commercially released
and can form part of a proposed 3D GUI by using their respective built-in software. The
Looking Glass[79], a commercial LF display with a box-like glass structure that enhances
the 3D perception of the LF, has a module to develop Leap Motion-based applications.
However, it is not possible to directly touch the reconstructed images and the registration
problem remains. One example more is the Sony spatial reality display[85] released in
2020. It is a parallax barrier based display that uses eye tracking to display the correct
views to each eye and give the 3D cues of depth and parallax required for a correct
3D perception. The release of the mentioned displays signals a desire to achieve a 3D
display and an interest in developing applications and interactive features with them.
Both mentioned commercial examples do not consider registration, which potentially
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could improve the acceptance and appeal of a 3D GUI.

There is also an approach based on a Horizontal Parallax Only (HPO) LF display and
a Leap Motion sensor that aims to register the content and the gesture of the user [1].
This aim is very similar to the one proposed in this study, but that research does not
clarify how to detect the interaction between the user and the LF, which seems to be
achieved by a manual input. In addition, this research will also include the real time
modification of the LF according to the user position, as well as grabbing and rotating
functions that were not addressed in [1].

2.7 Discussion on remaining challenges

2.7.1 Hard-wired systems

Ideas and creativity are very visible in many approaches to create 3D GUIs, but this fact
makes the classification of the study very complicated. Several of the proposed systems
have been only trialed experimentally to be abandoned afterwards, as discussed in [67].
This is also caused by the nature of many implementations, in which the 3D detection
system is hard-wired into the full system, very adapted to the particular display system,
and therefore very difficult to be adapted to other scenarios.

On the other hand, in the last decade, the increase of computational power along with
the widespread use of imaging sensors, has made the implementation of optical sensing
approaches more common. These devices are now relatively inexpensive, and they have
good Software Developer Kits (SDKs) that can be used to implement applications with
them. The price and software accessibility create a different scenario when compared to
the development of 3D interfaces in the latter half of the 20th century. More research
development using these devices provides more chances of them to be integrated into
3D GUIs, helping to try them in a variety of scenarios and experimental setups. This
will eventually aid into the pursuit of finding an appropriate niche where 3D GUIs can
potentially thrive. In this research, we present how the color detection can be integrated
to a commercial sensor to increase ts usability.

2.7.2 Content registration

Although there are some developed 3D GUIs that address the problem of content reg-
istration, they are very specialized systems, depending on approaches that are not well
suited to be mass-produced or commercialized. Content registration is an important is-
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Figure 2.11: Conventional systems compared to direct 3D touch interaction. The user
performs gestures a distance away from the displayed content (a and c), while in a
registered case, the gestures of the user are matching the content.

sue even for 2D touchable displays, since the failure of adequately registering the position
of the user and the content can create user discomfort (see Fig. 2.11).

The direct interaction with the reconstructed content refers to interacting with the
representation of the content without any mediation between the hands of the user and
the content itself. Therefore, no indirect ways of interaction such as a widget in the
screen or a hardware device (e.g., a mouse) are assumed. As discussed in [34], the direct
interaction with virtual environments in general (and 3D GUIs in particular) is more
useful and preferred when modification of features of the content such as its shape or
orientation need to be edited.
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2.7.3 Content modification in real time

Although the generation of an integral image to be used for the reconstruction of the
LF of an object is by far less computationally expensive than the modification of a
Spatial Light Modulator (SLM) in a holographic display of an equivalent size, the real
time generation of multiple views of a scene required for the integral image is also
an expensive task for a standard desktop computer. There are several 3D rendering
programs that are able to generate the views of a digitally designed scene (e.g., Blender,
Unity, Unreal Engine, etc.). However, they are not optimized for real time capture of
several views simultaneously, and it is not straightforward to use them for that purpose.
Depending on the number of views, the required resolution and the computational power
at hand, obtaining the integral image of a scene can take from several seconds to even
minutes.

There exist published studies (for example, [12]) that adapt some of these programs
to generate LF renders in real time. Due to the technical complexity of this task, the
research that aims to generate LF in real time based on widely used 3D rendering tools
has as an ultimate goal the sole generation of content. Research that aims to generate
LF imagery in real time to be used with gestures has started to appear just very recently
[43], proving that the topic is of interest within the display community. In this research,
the consideration of the content registration will be added to the recently developed
concept of a gesture capable LF display.
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Chapter 3

3D GUI using a projection based
holographic light field display

There are many ways to create an interface where the user can distinguish parallax cues
without requiring the use of glasses in the eyes, as mentioned in the previous chapter. A
careful distinction should be made between all the different techniques mentioned previ-
ously, specially because the manufacturers tend to brand their products as holographic
when they are not, or 3D when it is not. In this chapter, we introduce the technique
used in this study to create 3D images in midair, which is an advantageous method when
considering augmented reality (AR).

3.1 Previous work

One way to create parallax cues without the use of glasses is to use a parallax barrier,
displaying different images to each eye of the user. However, if parallax in all directions is
to be achieved, then not horizontal parallax barriers but a lenticular array should be placed
in front of a screen to generate the required cues in all directions (see Sec. 2.2). Recently,
AR is being explored to display information to the users about their environment. Some
interesting applications to AR are car and pedestrian navigation, displaying instructions
on how to do an activity, acquiring information in a hands-free manner, among many
others. For this reason, the display needs to be merged with the real world, combining
both virtual and real information. As described in [49], this can be realized by either
displaying the real world in a device and modifying it once there, offering to the user the
modified view through a device, or by making the display transparent.

25
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Displaying the real world through a camera and then adding modifications tends to
disorient the user (apart from being technically complex).The best way to achieve an AR
glasses-free system is to have a transparent screen. Most systems that merge virtual and
real world scenes depend on a half-mirror with a 2D screen reflecting to it and merging
the real and virtual contents (for example, [21]). This does not allow for the creation of
3D content displayed to the user while being aware of the real world, since the displayed
views are 2D or projections of 3D renders. There exist some approaches that merge
3D virtual contents with the real world [60, 14], however, they have complicated optical
setups that are not easy to reproduce. Using a technique that was first used to expose
a holographic stereogram [69], the use of HOEs to create a full parallax LF display was
reported in [23]. This method records the spherical wavefronts of a lens array using a
photopolymer. Then, the integral image of a scene is impinged on this array, generating a
floating image in a transparent screen that merges with the environment. Since the setup
consists of a projector, collimation optics, and the recorded HOEs, its implementation is
not complicated, and it can be potentially integrated in several scenarios. Different from
the implementation first proposed in [23], the approach used by our group is to record
each spherical wavefront individually (see Fig. 3.1). This has the advantage of using a
chromatic aberration-corrected camera lens for each HOE, but has the disadvantage of
being prone to movements of the setup and being time-consuming. Anyhow, we detail
the fabrication process and the calibration of the position between the projector and the
HOE array in the coming sections.

Since in this 3D display technique we rely on HOEs as the elements that reconstruct a
3D image in midair, we call our display holographic LF display. In this sense, the title of
our research might also result confusing since, as explained in section 2.2.1, the display
we use for this research is not holographic in the sense a wavefront reconstruction
holographic display is. The display based in HOEs reconstructs the wavefront of the
optical element that was used to be record that same element. However, that wavefront
does not correspond to a scene but to an optical function we aim to use to create a
LF reconstruction. Therefore, it is still holographic, but this phenomenon is related to
the generation of LF in a way different to the wavefront reconstruction display (SLM
based).

Other relevant studies in which this kind of holographic LF display has been studied
are [64], where the view angle is increased by digitally modifying the pattern of the
HOE using an SLM; the studies on the calibration of this system made by Jorissen et
al.[31, 32], on which some parts of this chapter are inspired, the study on integrating
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Figure 3.1: HOE-based LF display with a projector and relay optics. One-shot exposure
of a lens array (a), reproduction of the spherical wavefront (b), setup to merge virtual
and real objects (c), and demonstration of the system (d). Adapted from [23]

the collimation optics to the HOE [25, 26], and certainly the work by our group in which
this display was used for implementing a 3D GUI based on scattered light [68, 53]. In
this chapter, we will cover some aspects of the fabrication of the HOE based LF display
used for this study.

3.2 Fabrication of the HOE-based LF display

HOE is the technique based on holographic principles that allows the recording of diffrac-
tion patterns that can be modeled to have the function of an optical element. They
are widely used in several applications, because they can perform the function of an
optical element with the physical properties of a thin film. Some application examples
[33] are hologram memory, holographic printers, 3D head-mounted displays, holographic
projection screens, etc.

The kind of HOE that we focus on for this study turns a plane wavefront into a diverging
wavefront, the way a convex mirror would do. Using not only one but a dense array of
these elements (see Fig. 3.2), intersection between the light rays emerging from adjacent
HOEs becomes possible. Therefore, the position of the projector pixel with respect to
the center of each HOE in the lattice gets related to the direction each beam will take.
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Figure 3.2: HOEs recorded in an array to combine their outputs into a LF reconstruction
of a scene.

Using this angle, we can apply the LF theory to generate the LF of a scene (see Fig.
3.3). The use of HOEs as a lens array forming part of a LF display was first proposed in
[23], having in mind augmented reality applications.

Figure 3.3: Schematic drawing showing the LF reproduction by the holographic LF
display

The HOE screen here presented is recorded using an experimental array similar to previ-
ously published versions in [69, 68]. To record each elemental hologram in a holographic
plate as depicted in Fig. 3.2, the holographic plate is set in an XY moving stage. The
experimental setup used for this experiment is depicted in Fig. 3.4 and the experiment
specifications are shown in table 3.1.
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Red laser λ=660nm (max power=100mW)
Green laser wavelength λ=532nm (max power=100mW)
Blue laser wavelength λ=473nm (max power=50mW)
Glass width 1.85mm
Photo polymer Bayfol HX-200
Red laser energy dosage ≈15mJ/cm2

Green laser energy dosage ≈20mJ/cm2

Blue laser energy dosage ≈25mJ/cm2

Camera lens Nikkor 50mm, 1:1.2
Lens of camera used for alignment Navitar 12x 50486

Table 3.1: HOE screen recording experimental setup.

As shown in Fig. 3.4, the output of a laser source is used and passed through a half-wave
plate to change the intensity of the different polarization components and control the
intensity ratio between the reference and object waves. After splitting the beam, it is
divided and input to two different optical fibers for its manipulation. The use of fibers
makes the arrangement of the setup easier, although it induces some losses to the output
power of the laser. The output diameter of the beam from both fibers is approximately
1 mm. This output needs to be shaped into a square aperture that matches the desired
shape of the HOE. Therefore, a two-lens system is used, where the ratio of the focal
lengths expands the size of the beam by 6 (x6 system). By having a larger beam, it can
be passed through an adjustable square aperture. The size of the aperture is adjusted
to serve as the input of another two-lens system that this time reduces the shape of the
beam into an adequate size. The system depicted in figure 3.4 reduces the input beam
size by 4 (x0.25 system). The adjustable square aperture has micrometer screws with
a resolution of 10 µm, making it possible to adjust the square aperture precisely. The
alignment and shape of both beams is verified by using a glass plate with millimeter
graph paper and a specialized camera with a zoom lens attached (Navitar 12x 50486)
to precisely align both beams. The XY moving stage must also be located perpendicular
to both beams in all the screen area, reason why the overlapping of reference and object
waves should be tested by moving the stage through all the recording area. Since the
reference beam is incoming in a 30deg angle with respect to the perpendicular of the
glass plate, the aperture should be corrected in order to obtain exactly a recorded area
of 1mm. In Fig. 3.5, it can be seen that using the law of sines, the correction should
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Figure 3.4: Optical setup for the recording of the HOE screen

be:
a =

ℓ

cos θ
where a stands for the pursued size, ℓ the size of the input reference beam and θ the
angle between the reference beam and the normal direction to the glass plate. Therefore,
in order to obtain an HOE size with size a = 1mm, with an input angle θ = 30 deg, the
size of the reference beam should be ℓ = 0.866mm.

The size of the object beam on the polymer is controlled by changing the distance of
the camera lens with respect to the holographic plate. As with the reference beam, the
correct size on the glass plate is checked using the 12x zoom lens along with a CMOS-
sensor camera to monitor both the size and correct overlapping. To finely tune this size,
the camera lens is set on a moving base controlled with a micrometer screw.

In previous studies[68, 38], the wavefront for each primary color (red, green, and blue)
was multiplexed in the same photosensitive polymer material. That configuration, al-
though it makes the fabrication less complicated, decreases the diffraction efficiency of
each of the bands. In this study, we pursue an interface that detects the light scattered
by the user to provide the basic signal for a GUI. If the reproduced light does not provide
a strong signal, the use of this GUI will be limited to conditions of dark illumination.
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Figure 3.5: Left: Size correction for the input reference beam at a slanted angle. This
consideration disregards the refraction caused by the glass plate. Right: However, the
actual size is verified using millimeter graph paper stick to a glass plate of the same
width as the one used for the HOE screen.

Figure 3.6: Structure of the HOE screen to record each photopolymer with a high
diffraction efficiency
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Figure 3.7: HOE samples of each color (size 5×5mm). The conditions for each color
were registered to create a stacked sample of 10×10mm size to blend them into white
light.
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Therefore, a fabrication architecture that uses one polymer for each color was adopted.
This use of the Bayfol polymers has been proved to increase the diffraction efficiency in
previous studies [65]. Each polymer was recorded in different sessions. Since the green
polymer was the one with the highest diffraction efficiency, this polymer was recorded
first, so it ends up in the back of the screen. The red, being the one with the lowest
diffraction efficiency at the top of the screen, closer to the user (see Fig. 3.6). This
procedure also demanded the careful alignment of the reference and object beams in the
same position for every color to minimize color aberrations.

3.3 Calibration of the HOE-based LF display

The calibration procedure of the HOE display consists on determining the spatial relation
between the center of the HOEs and the projector pixels to achieve the correct recon-
struction of the desired LF. This procedure has been reported elsewhere [46, 31]. The
difficulty of this procedure has also been reported in [32], where they propose to record
on each HOE a special pattern destined for the calibration process. In this research,
we describe the approach followed to obtain a calibration with a low amount of error,
without requiring the record of a special pattern in each HOE. The precise and practical
calibration of this kind of interface is still an open topic, out of the scope of this study.
However, we present some differences with respect to the approaches presented in [46]
and [31] for future reference. To locate the centers of each of the HOEs recorded in the
screen, a camera with a big sensor (5184 × 3456 pixels) should be used to adequately
sample the pixels of the projector. The relation between the camera pixels and projector
pixels is obtained by projecting binary descending patterns on the surface of the HOE
screen. These patterns are compared with their conjugates using a binary search algo-
rithm that locates the pixel 2D directions (x and y) and saves them in a look-up table
(LUT) relating pixel x and y projector directions with respect to the camera pixels. The
next step is, with the camera in the same location, retrieve an image where the center of
the HOEs can be located using image processing algorithms. This second process com-
putes the LUT relating HOE screen centers with respect to the camera pixels. The third
step consists on unifying the results of the previous 2 steps to obtain a projector-HOEs
center LUT. The obtained LUT at this point is affected by the deformation caused by
the optics of the setup. To correct this deformation, we follow the procedure proposed
in [31] of modeling the projector after a reversed camera, and applying the algorithms
usually used for camera calibration that compute the internal parameters (focal length,
optical center, and radial distortion coefficients) as well as the external parameters (ro-
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tation and translation) of a camera (in this case, projector) system with respect to a
world coordinate system (in this case, the HOE screen). The obtained matrix is then
used to reproject the obtained LUT into the projector plane and obtain a distortion free
image.

To summarize, the calibration process can be subdivided itself into:

• Projector-camera LUT computation (binary search algorithm).

• HOE screen-camera LUT computation (HOE center search based on image pro-
cessing algorithms).

• Fusion of both LUTs to obtain a HOE screen-projector LUT.

• Reprojection of the LUT using camera calibration algorithms, correcting external
and internal parameters of the projection system.

3.3.1 Projector-camera LUT computation.

A LUT that indicates the position of the projector pixels with respect to the pixels of
a camera is computed. The meaning of measuring the projector pixels with respect to
a camera is that this camera will be used later as a reference to detect the HOEs of
the array and project the integral photography (LF data) correctly. In principle, it would
suffice to project one pixel to the HOE screen, register the projector position and then
detect the lit up pixel within the camera screen. However, since the projector resolution
is 1920 × 1080 pixels, this process would require the capture of over 2 million images,
which is a very large amount of data. It would also be a very error-prone process since
one pixel of the projector is very small, and it might fall into the threshold of noise. To
avoid this issue, a projector-camera calibration based on the method proposed in [46],
along with some modifications, is proposed.

The used method is based in a binary search algorithm that projects n patterns whose
length decreases in powers of 2. n pairs of patterns are used to sort 2n pixels. Each
pattern is projected and compared along with its conjugate pattern to detect the regions
that correspond to the power of 2 of the corresponding n pattern. By detecting the
largest intensity value in both images and comparing them, a region corresponding to
those pixels can be defined. The coefficient 2m ,where m ∈ {0, 1, 2...n − 1}, is added
to the region identified with the pattern. The LUT of each direction (x and y) is pro-
gressively assembled by summing up the contributions of each comparison. An example
of how this binary search works in the x axis for a case where the projector has 8 pix-
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Figure 3.8: Example of the simple calculation of a LUT in the x direction for the case
of 8 pixels. Each pattern is compared with its corresponding conjugate and the LUT
is progressively assembled. The 2m coefficient is added whenever the comparison > is
true.

els in the x direction is depicted in Fig. 3.8. Using n = 3 pairs of patterns, we can
sort 2n = 8 pixels. Each comparison will add 2m (m ∈ {0, 1, 2}) to the camera area
where the comparison between the intensity of each pixel results to be larger in the first
projected pattern. Notice that making the opposite comparison (i.e., summing the 2m

coefficient where the conjugated pattern intensity is larger) will reverse the order of the
pixels sorting. The same process is applied to the y-axis, obtaining two LUTs that relate
the projector-pixel number to the camera plane.

This process is extended to the measurement of the pixels of the projector, where the
amount of pairs of patterns is set to n = 11 for sorting 2n = 2048 pixels. Although
this amount is larger than the x direction resolution of 1920 pixels, this is the required
amount to sort out the projector pixels using this method. The y-axis also uses the same
amount of patterns. The projected parameters are depicted in Fig. 3.9

In this study, we propose for this calibration step two different modifications from the
method detailed in [46]: First, the projected binary patterns are not projected on the
HOE screen since the projection of these patterns on this reflecting and tiled surface
reflects the light unevenly towards the camera. Since the HOEs are designed to deflect
the impinged light into a fan of rays, the resulting process of the LUT generation detailed
in Fig. 3.8 will result into a capture of binary patterns with many uneven illumination
spots. The HOE screen is recorded in a polymer that is stick on a glass plate. This
process can result in some air bubbles stuck in the screen that affect the intensity
comparison between the pattern and its conjugate. Therefore, we decided to use a glass
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Figure 3.9: Patterns projected for the sorting of the pixels of a projector with a resolution
of 1920 × 1080 pixels

plate of the same width and size as the HOE screen, with a white uniform sticker on it.
This white surface provides a uniform and clean surface that results in sharp captures of
the binary patterns. Attention should be put on covering the whole area of the screen
using this glass plate, in order to have the location of all the required pixels within the
HOE screen.

The second modification was applied on the finest projected patterns at the stage of
obtaining the smallest pixel pitch of the projector. In reference [46], a 4K projector
was calibrated using a camera with inferior resolution, which probably resulted in some
accuracy errors. The finest resolution should be captured with a camera with a proper
pixel size in order to have an adequate LF reconstruction. In this research, a DSLR
camera with 5184 × 3456 pixels of resolution was used in RAW format.

The blurring of the projected patterns is also an issue in the calculation of the projector-
camera LUT step. The collimation optics placed in front of the projector causes the
blurring of the smallest pattern widths, specially for the 4, 2, and single pixel-width
patterns (see Fig. 3.10).

This problem is solved by dividing the finest calibration patterns in several captures. To
avoid the blurring and contrast loss caused by the neighboring lines, the finest patterns
are divided as shown in Fig. 3.11. The division of the patterns increases the accuracy of
the LUT and avoids mistakes in its estimation. The effect on the contrast enhancement
using this method can be appreciated in Fig. 3.12, while the effect on the generation of
the LUT in the x direction is also shown in Fig. 3.13.
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Figure 3.10: Contrast loss with increasing frequency (i.e., smaller pixel period) in the
projected pattern. Notice the contrast present in patterns with 128 and 8 pixels (a),
while the contrast gets affected as pattern’s periods decrease (b).

Figure 3.11: Example of proposed pattern split to increase contrast resolution in the
calculation of the projector-camera LUT. Each of the corresponding patterns with the
same color (normal and conjugate) are compared using separate captures to decrease
the amount of error in the pixel measurement.
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Figure 3.12: Contrast enhancement after dividing the 2 pixel width pattern into different
captures. The information, previously not visible, is recovered.

Figure 3.13: Effect on the LUT projector-camera pixels in the x direction
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Figure 3.14: Retrieval of HOE centers: Binarization, erosion and dilation filters to the
averaged HOE screen picture (a). The binarized and processed image is input to a
centroids search algorithm to retrieve the HOE centers, circled in red (b)

3.3.2 HOE screen-camera LUT computation.

The next step in the calibration process is the generation of the HOE-camera LUT.
The process here differs from the one proposed in [46] in the use of the centroid of
a binary image that detects the center of the HOE instead of an intensity histogram,
which is affected by the camera rotation. By using the centroid detection, along with
the projector LUT, the rotation of the camera is naturally included in both LUTs, not
requiring a rotation. The detection of the centroids is performed by projecting a white
image of near-collimated light to the HOE, with the camera focused on the surface of
the HOE screen. This will create an image where the centers of the HOE appear as
focused spots if the camera is placed far away from the screen and a low aperture is
used, allowing the input of approximately one single light ray into the camera sensor
[46].

A background image (average of 10 captures) is subtracted from an averaged image
of the HOE screen with collimated light impinged, to reduce the noise artifacts. This
image is binarized using a thresholding algorithm. Erosion and dilation filters are applied
before the centroids of the remaining spots are obtained. Once obtained, they are sorted
according to the known structure of the HOE screen. In this case, the algorithm should
correctly find 120 × 67 = 8040 centroids. Each centroid is an (x, y) coordinate in the
camera space. These centroids are sorted in an array of 120× 67 to identify each HOE
in the screen (see Fig. 3.14). To increase the accuracy of this process, a polynomial
fitting is applied to each line and row of the screen and the location of the centroids is
corrected (see Fig. 3.15).
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Figure 3.15: Fitting of detected centroids per line (blue lines) and column (red lines) of
the HOE screen. The fitting intersection results in a slightly different position from the
detected centroid to correct for the possibility of a light ray not coming from the center
of the HOE to impinge in the lens.

3.3.3 Fusion of both LUTs to obtain a HOE screen-projector
LUT.

The LUTs obtained in the previous steps are both referred to the camera plane. This
relation is used to create two new LUTs that relate the HOE screen to the pixels of the
projector. However, the obtained result is still affected by noise and by the non-linear
effects caused by the optical system (projector lens and collimation optics) that exists
between the projector pixels and the HOE screen.

In this stage, an approach inspired on the proposal in [31] is applied. Since the obtained
LUT can be thought as the view of a checkerboard pattern seen from the projector, we
can regard the projector as a camera from where the corners of a checkerboard pattern
(i.e., the centers of the HOE screen) are captured. The checkerboard pattern is a very
popular method to correct the non-linear effects caused by the lens of a camera (barrel
and pincushion distortion). it also takes into account the difference between the center
of the sensor and the optical center of the imaging system (mismatch between projector
lens, collimating lens and projector light modulator).

Let (u, v) be a point in the plane of the projector’s light modulator, and the point
(X,Y, Z) be a 3D point in space. Since we are considering the projector as an inverse
camera, we consider that the (X,Y, Z) point is “imaged”by the projector “sensor”.
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Based on the camera calibration model proposed by [73], the projection model is given
by two matrices: intrinsic parameters matrix and extrinsic parameters matrix.
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In Eq. 3.1, (fx, fy) indicates the position of the focal point axis in the projector light
modulator plane. This point might differ from the actual projector modulator center,
indicated by (cx, cy). These two points, along with the distortion coefficients, stand for
the intrinsic parameters. The extrinsic parameters indicate the position of the projector
with respect to the 3D space, and are given in the form [R|⃗t], where R is a rotation
matrix and t⃗ a translation vector.

The points in the projector plane would be given by the (u, v) position in the case of
a pinhole camera. However, since we have an optical system that introduces radial and
tangential distortions, the real coordinates should be corrected into (u′, v′). There exist
two distortion models of this kind: radial distortion, which is responsible for pincushion
and barrel distortion. The other is tangential distortion, which makes the lines coming
from the center of projection to wobble as they approach the edge of the image (see
Fig. 3.16). The expression for radial distortion is given as:

u′(u, r) = u(1 + k1r
2 + k2r

4 + k3r
6)

v′(v, r) = v(1 + k1r
2 + k2r

4 + k3r
6)

(3.2)

In Eq. 3.2, the r variable stands for the distance from the center of the projection plane
to the edges of the screen. The tangential distortion model is given by:

u′(u, v, r) = u+ [2p1uv + p2(r
2 + 2x2)]

v′(u, v, r) = v + [p1(r
2 + 2y2) + 2p2uv]

(3.3)

The camera-calibration algorithm proposed by [73] consists on giving as an input 3D
points(X,Y, Z) with corresponding projected points (u, v) to estimate the matrix R,
the translation vector t, the parameters (fx, fy), (cx, cy) and the distortion coefficients
(k1, k2, k3, p1, p2). The final undistorted point (u′, v′) is then set in the projector, where



42 CHAPTER 3. 3D GUI USING AN HOE LF DISPLAY

Figure 3.16: Left: Radial distortion, responsible for pincushion (a) and barrel distortions
(b). Right: Tangential distortion, which bends straight lines coming from the center of
projection

it will be physically distorted by the optical system to match the position of the center
of the HOE.

The optimization process proposed by [73] is usually implemented by taking as an input
several images of a checkerboard pattern. However, in this case we take as an input the
detected centers of the HOE screen, and we define them as 3D points in a plane with
(X,Y, Z = 0), as it is done in the applications of this algorithm. The implementation
of OpenCV was used for this study.The effect of this procedure can be appreciated in
Fig. 3.17. The image pointing to the estimated HOE centers seen from the projector
is shown in 3.17(a). The distortion map, taking into account all the described effects
and computed with the procedure mentioned above, is shown in Fig. 3.17(b), while the
undistorted view is in Fig. 3.17(c).

3.4 Final device specifications

Once the calibration between the HOEs and the projector pixels has been achieved, the
system is ready to reconstruct the LF of a scene. As it is described in the literature [68],
the LF display is not capable of displaying a very strong depth sensation because of the
lack of coherence in the reconstructed wavefront. However, parallax effects are visible
and a shallow depth (around 3 cm) can also be perceived by the user, which allows the
evaluation of the use of this kind of interface in the next stages of this study. A scheme
depicting the setup is shown in Fig. 3.18 and the specifications of the system used for
this research, unless otherwise indicated, are shown in Tab. 3.2. In Fig. 3.18, a mirror
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Dimensions of the HOE screen 120 × 67 mm
Dimensions of each HOE 1 × 1 mm
Resolution of the projector 1920 × 1080 pix.
CPU Intel Core i7-8750H
Clock speed 4.10 GHz
RAM memory 32 GB
GPU Nvidia Ge-Force GTX1060 6GB
RGB camera Point Grey Flea 3 1/3” Color CMOS
Camera native resolution 1328 × 1048 pix.
Camera lens Edmund Optics 18mm f/4-f/12, Mod. 54857
Captured image size 640 × 320 pix.
Software versions Windows 10 64-bit

Python 3.6.2
OpenCV 4.5.1
OpenGL 4.2.0

Table 3.2: Specifications of the system.

is used to place the projector behind the screen and make the LF reconstruction more
accessible to the user. However, the light intensity of the reconstruction is affected by
this configuration, which should be taken into account at the time of performing the
color measurement explained in the next chapter.
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Figure 3.17: Distortion map and its effect on the view of the HOE screen from the
projector. Raw input (a), computed distortion map (b) and HOE screen centers with
the applied distortion map (c).
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Figure 3.18: Schematic depiction of the display setup used during this study. The mirror
might or might not be used.
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Chapter 4

Interaction and 3D tracking based on
scattered light

4.1 Principle

In order to realize an interface in which the direct interaction with the displayed content
can be detected, the proposal of directly using the light scattered by the user when
touching the 3D content has been reported by our group [68]. A 3D UI involving a
projection-type HLF display (see principle in Fig. 3.3) was used to create a real image
that the user can touch with its bare hand. The scattered light by the user is detected by
an RGB sensor located behind the transparent screen, eliminating the matching problem
and creating a more natural UI (Fig. 4.1 (a)). We refer in this study as light-field touch
sensing (LFTS) to the concept of using the light of the reconstructed image as an input
signal to create a UI. A related method that uses the LFTS technique has also been
reported in [72], where a system using LF for both projection and capture was proposed
as the basis of an occlusion-robust hand-tracking method. However, the current LFTS
systems are not able of tracking or updating the LF in real time. In addition, one single
RGB sensor was used in the system in [68], only capturing a 2D projection of the 3D
space. Although it is possible to use other approaches (e.g., stereo camera) to obtain
depth information, another strategy to measure the depth information using the LF
projection can be adopted.

The method described in [68] consisted on an RGB camera located behind the display
(Fig. 4.1(a)). The interaction was realized by subtracting the background from the
image captured by the camera and detecting the maximum value between two colors

47
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(blue or green). This interface was demonstrated with a static 3D image of two buttons,
in which a binary response (i.e., touch or no-touch) was detected by the system as a
preliminary concept verification.

The content of the present chapter is mainly based in a previously published research
article [53]. Here we add more details and discussion to the matter exposed in that
paper. To summarize, the main advantage points of this method are:

• Direct method that resolves the registration problem between the user and the
displayed content. Using scattered light detection, the touch signal is only detected
once the user enters in contact with the reconstructed LF.

• Use of color information to detect the movement of the user in the axis perpendic-
ular to the RGB camera. This method enables 3D tracking of a user using a single
camera, avoiding the use of more complicated techniques like Time of Flight or
stereo cameras.

• Compensation of the color of the finger of the user by using a previous sampling
of it, increasing the robustness of the detection.

• In addition, we implement two different ways of modifying and updating integral
images to generate real-time moving LF images. Coupled with the high-speed
implementation of the undistortion algorithm, it allowed for the implementation
of interactive demonstrations.

4.2 Limitations of previous approach

The implementation reported in [68], is a system that only provides a binary response
(Fig. 4.1 (a)). Since it displays a still LF, functions that require updating the displayed
content are not supported. Also, this setup is not fixed, and a calibration between the
projector’s pixels and the hogels of the HOE screen is required for the integral image to be
pre-distorted and correctly displayed [46], a computationally time-consuming operation.
All these operations need to be implemented in a time short enough to realize an effective
UI.

Regarding the detection of scattered light, in [68] only the maximum value between 2
different color channels and a circle detection was used for discriminating the existence
of the interaction. Color detection of a static LF was reported in [52] using this sys-
tem, but again real-time interaction was missing. Considering that the color and shape
measurements can be affected by external light, different touching angles and the use of
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Figure 4.1: (a): Previous UI based on scattered light detection [68]. The “OK”signal
means the interaction has been detected. (b): Proposed UI allowing the touch, tracking
and LF modification corresponding to the user’s movements.

diverse objects to interact, a more robust detection method is required. Similarly to the
process of LF update, the interaction detection should also be realized in a short time
to be used in a UI.

In [68], the camera was placed behind the screen, making use of its transparent feature.
Although this sensing position allows the detection of the whole screen plane, it can be
heavily affected by the light the user’s body and the scene might reflect as well as the
scattered light by the holographic screen, interfering with the measurement. However,
since we are aiming for an UI that tracks the finger in the screen plane, changing the
camera location requires the modification of the tracking method as explained in the
coming sections.

4.3 GUI based on color detection of scattered light

Although the color detection has already been proposed by [68], we explain in this section
how the concept was used to create a real time loop detection and how this technique
was expanded to detect 3D information. In the proposed system, the camera position
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Figure 4.2: (a): 2D tracking. Detection of scattered light to track the fingertip of the
user in a 2D plane (b): Color tracking. Detection of different colors along the y-axis
to add a new measurement dimension. Both (a) and (b) combined realize 3D tracking
of the fingertip

is changed from the back of the HOE screen to the top of the system to reduce the
amount of undesired light, which might cause false positives. In the following discussion,
we will consider the center of the HOE screen to be placed in the origin of the xy plane
and the z-axis running parallel to the vector perpendicular to the screen. Therefore, the
camera placed in the position indicated in Fig. 4.1(b) captures the xz-plane. Once a
user touches the object reconstructed by the LF display, the position of the finger can
be detected in the xz-plane from the coordinates in the captured image, realizing 2D
tracking of the user’s finger (see Fig. 4.2(a))

The image captured by an RGB camera is a 2D projection of the 3D scene into the
camera’s sensor, in which any depth information (information along the y-axis in this
case) is lost in the capture process. To realize 3D positioning of an object while avoiding
the use of external motion sensors or stereo-camera approaches, we have proposes to
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use the color of the LF itself to create an extra cue, so a single RGB camera can be used
as a 3D motion sensor. If different colors are used in the object reconstructed by the LF
along the y-direction, as it is depicted in Fig. 4.2, we can compensate for the information
that gets lost after capturing an image (i.e.,y-direction distance) by detecting the colors
along that direction, so practically turning the combination of an RGB camera and a LF
display into a 3D position detector.

4.4 Real time update of LF images

For the interactive 3D-touch display, the LF projected by the system needs to be updated
based on the tracking of the user’s finger. It will also be important to have LF updates
once we implement gestures and free form drawing of LF in the coming chapters. In
order to have a LF that follows the contact point of the user, real-time reconstruction
of the LF was required. There exist two hurdles in this case: (1) in case the LF needs
to be modified, rendering of all necessary views is required and (2) the image needs to
be pre-distorted following the data of a Look-Up Table (LUT) like mentioned in chapter
3, to be correctly displayed by our system. First, we discuss the steps taken to update
the views of the LF and make them usable for a GUI. In this study, we proposed two
different ways to update the LF images in real time and create an interactive GUI: CPU
based approach and GPU based approach.

4.4.1 CPU based approach for updating the LF views

The amount of time required to render the views of an integral photography is a widely
studied problem [30]. Most research on this topic has been focused on obtaining a
fast and good quality image, with a large angle of view and low interpolation, therefore
using all or most of the available computer power to achieve this goal. However, in this
study our main goal is to implement a GUI, and the update of the LF should remain
a modest percentage of the required processing time. A solution was to use an open-
source software [82] to generate different views of a scene with an angle of view equal
to that of the HOE screen. The result was then multiplexed to create the IP image
that was used to generate the LF. The generation of the views and their multiplexing
is a time-consuming process that is not suited for real time. To take advantage of the
already rendered LF, we decided to displace within the screen space the rendered LF by
introducing rows of zeros of the pixel size of the HOEs (16 × 16 pixels when using a
Full HD resolution and 120 × 67 mm screen size). This method is depicted in Fig. 4.3.
This process skips the generation of new views and recycles the already sampled views.
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A disadvantage is that it only allows displacement on the 2D screen plane and depth
update (z-direction) is not possible.

Figure 4.3: Depiction on how the LF is updated without rendering the whole image.
Movement toward the right direction using a simple image displacement.

4.4.2 GPU based approach for updating the LF views

Since the CPU approach is not suitable for updating the depth of the LF or displaying
a different view from the ones already depicted, we implement a ray-tracing based algo-
rithm based on an OpenGL implementation that can be loaded in the GPU and modified
at a very high frame rate. This method models the views of each HOE as a pinhole
camera and computes the impact point of each light ray coming from a surface to the
rendering plane (see Fig. 4.4). Although this implementation is very fast, the main
drawback is that every surface should be mathematically modeled to depict the integral
image. This makes the design of complicated images very tedious, not being able to
use software packages like [82] to design interactive content. However, we implement it
here to show the potential of the use of LF in a GUI, regarding this remaining challenge
as a software engineering task that should be completed in the future.

4.4.3 Optimization of LUT-based distortion

Another issue to be addressed to achieve real time operation of this system was the
optimization of the LUT assignation of the elemental images to the measured centers of
the HOE screen as seen from the projector’s view. Although it is a very straightforward
process, this process can be very time-consuming, specially when displaying 4K resolution
images. This was solved by using a high-speed Python-library [83] that enabled us to
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Figure 4.4: Depiction on how the LF is updated by computing each light ray hitting the
modeled surface and then the result used to compute the integral image to generate the
LF of the desired object.

perform this process in a real-time scale. For the real-time implementation, the finger
detection step should also be optimized.

Numba is an open-source, NumPy aware optimizing compiler for Python [?], capable
of generating machine code using the Low-Level Virtual Machine (LLVM) tool chain.
Numba was created by the same author of NumPy, Travis Oliphant, in 2012 [35].

The LLVM tool chain is a set of tools, developed by the University of Illinois [84], used to
write compilers for a large range of languages. The aspect of the LLVM that Numba uses
is its intermediate representation (IR), which is a low-level language similar to assembly
[35]. Numba uses LLVM to inspect Python code and create type aware versions of the
functions that we wish to optimize, compiles them to the IR, and gains speed by using
these optimized versions.

Since our Python implementation uses images as arrays from the very widespread NumPy
Python library, which is a library prioritized for optimization when using the Numba
library [35], the combination of both allows us to have a faster implementation of the
correspondence between the projector’s pixels and the large arrays that form the integral
photography.

4.5 3D tracking based on scattered light detection

In this chapter, the basic idea is to achieve the 3D tracking of a user using the features
of the scattered light. The presented method to detect that light and obtain a 2D
position is straightforward, since the camera sensor naturally projects a 3D position into
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a 2D plane. However, to complete a 3D tracking system, extra spatial information is
required. In this section, we explain the use of color variation of the reconstructed
LF along the missing dimension to achieve a complete 3D tracking method based on
scattered light.

4.5.1 Tracking of interaction using 2D movement detection

Figure 4.5: Details on how the color identification is used for detecting the movement
of the user.

A figure summarizing the whole detection process is shown in Fig. 4.5. First, the touch-
event detection is performed. As a first step for the touch detection, background sub-
traction is performed from the camera’s captured image. Background subtraction allows
the system to recognize the parts that are moving within the scene, obtain their features
and analyze the scattered LF coming from that identified region. The LF scattered by
the user is captured by segmenting the ROI from the camera image by the following
process. Assuming that the user begins the interaction by pointing at the LF with the
finger, we obtain the finger region by applying a background subtraction algorithm. This
background subtraction consists of averaging 100 frames of the background captured by
the camera and subtracting it from the captured image at every frame. This image is
binarized to acquire the finger and possibly some other hand parts. Next, the contours
of the main structures are extracted from the binary image acquired. Since the tip of
the finger usually corresponds to the pixel closest to the HOE screen in the z-direction
(see Fig. 3.3 for axes definition), the minimum z pixel of the obtained contours is the
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one we consider to be the fingertip of the user. This ROI extraction method is similar
to the one performed in a previous work [53]. Another, more sophisticated method to
segment the interaction position and obtain the interaction point, will be described in
section 4.7.

The segmentation process will be repeated for a continuous stream of frames to look
for the interaction of the user within the region in front of the LF display. When the
light is scattered and detected after subtraction, contrast stretching is applied to the
image to better locate the interaction point. Next, a binary mask is made from the
subtracted image, and multiplied on the captured image to identify the touch-detected
region.

As the next step, image processing modules such as small clusters removal and erosion
and dilation filters are applied to have a good quality mask that is robust enough to
noise. To increase the robustness of the process, the contours of the main structures
in the binary mask are extracted. This extraction detects the chain with the largest
number of pixels (contours are one pixel width), which usually corresponds to the main
interaction point. In this way, the secondary noisy contours shown in the binary mask of
Fig. 4.6 can be discarded.

Next, the position of touch-detected area in xz-coordinates is identified. Since the
camera does not move with respect to the LF display, a fixed correspondence relating the
reference frames of the interaction-detection RGB camera and the display is previously
established. This allows the system to know the xz-location inside the HLF display in
which the interaction is taking place by using the camera coordinates.

4.5.2 Tracking of interaction using color change detection

The interaction-detection algorithm described in the previous section can provide a good
position of the position of the user’s finger in the xz-plane. However, this method alone
is not capable of detecting the movement of the finger in the remaining y-axis. To
provide a complete interface that is capable to detect the direction of the user in the
y-axis, we propose a color measurement and classification algorithm that can provide
extra information to the system about the user’s position.

To detect the movement in the y-axis, we used a sphere with different colors in the upper
and lower hemispheres (bicolor sphere), separated by a dark region to provide a color
transition (see Fig. 4.5). In fig. 4.5, let us denote the detected color in a single loop as
C, and the sequence of C in two contiguous frames is denoted as CS.
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Figure 4.6: Image processing pipeline to extract the color interaction.

If the user scatters the light of the lower hemisphere (red light), the system detects
the red color (C =’R’), which indicates that the position of the finger is located below
the center of the bicolor sphere. This triggers a displacement of the bicolor sphere to
the downward direction (negative y-axis). In fact, the decision is done when CS =’RR’
for robustness, as shown at the bottom of fig. 4.5. This displacement step was set to
values between 5 and 8mm (approximate finger vertical width). After repeated color
measurements and displacement, once the dark center of the bicolor sphere has been
displaced to the interaction point (i.e., user’s fingertip), the mixture of red and blue
lights and dark region will cause no color detection (denoted as C =’N’ in Fig. 4.5).
In this case, the system will stop triggering the movement of the LF. This is the cue
that indicates the position in the y-axis of the user’s fingertip, which corresponds to the
distance the LF was displaced. Conversely, if the user scatters the light of the upper
hemisphere (blue light, i.e., CS =’BB’), the opposite sphere movement takes place until
the blue identification fails, and the sphere ceases its movement. In this way, the system
uses LF to scan the region of the color ball for the correct location of the interaction
point in the y-axis. Naturally, if the user moves the interaction point in this axis, the
system will detect the displacement when either red or blue scattered light is detected
in contiguous frames. Then the ball can track the fingertip movement.
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4.5.3 Color identification model

As shown in Fig. 4.5, the color detection process is repeated for each captured frame.
This process allows the detection of movement of the user in the y-axis, while the
detection in the xz-plane is achieved by the extraction of the interaction point that
corresponds to the pixel located closest to the screen in Fig. 4.6, which is already a
2D value. Although with this method we are not able to get the y coordinate with the
precision achieved in the xz-plane, the change of direction is a cue useful enough for the
implementation of some basic gestures and to enhance the interface capabilities.

To extract the color value of the masked region, which is the interaction point in an
image, we have to consider some difficulties; for example, the scattered light, can be
mixed with other sources of light coming from the environment surrounding our system
(office illumination, reflections, etc.). Here we present a first approach to the enhance-
ment of color signal. However, an improved approach will be described in section 4.7.
As a first approach, we apply a normalization of the [R,G,B] values of each pixel in the
interaction frame. Let the captured image be a 3-dimensional array, each channel having
a size of Nx×Nz pixels. In the pixel at (x, z), the captured RGB value corresponds to
[RC(x, z), GC(x, z), BC(x, z)] (one value for each color channel). In our system, each
pixel value is normalized as follows:

RN =
RC

RC +GC +BC
, GN =

GC

RC +GC +BC
, BN =

BC

RC +GC +BC
. (4.1)

This will provide a stronger color signal over the 3 channels, as shown in Fig. 4.6 (nor-
malization). It can be seen that we have obtained an image with a region of enhanced
color at the tip of the touching object (a stylus in case of Fig. 4.6).

Here we are mainly interested in the region with the greatest color change. The interac-
tion point that is more prone to have a color variation related to the generated LF is the
one closest to the screen, or the minimum z-coordinate, because the fingertip is touching
the LF. To avoid for a noisy value to be taken as this z-coordinate, the corresponding
minimum coordinate of the largest detected contour is used.

For color classification, the color content of a square box around the touch detected
position in an image is measured. To extract a color vector from this box, we sum up
the pixel values in the box, and then normalize it as follows:

C⃗d =

[
Rt

Rt +Gt +Bt
,

Gt

Rt +Gt +Bt
,

Bt

Rt +Gt +Bt

]
. (4.2)
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Figure 4.7: Distribution of the sampled color frames in the RG normalized color space
with confidence ellipses of 95% (inner ellipse) and 99 % (outer ellipse) around each color
distribution.

In Eq. (4.2), the subscript t denotes the sum of the respective color channels in the
box that defines the touched area. After averaging several samples of the vector of
the detected color C⃗d, the averaged value is used to detect each captured color. A 2D
projection of the detected color from the normalized RG plane is shown in Fig. 4.7. The
results of measuring 6 colors with this method as solid LF balls reconstructed by the
system (red, green, blue, yellow, cyan, magenta) and scattered by a finger are depicted
in Fig. 4.7 along with a “No-Color”(or NC) case that corresponds to the color of the
interaction target when is not scattering the LF. The distribution shown in Fig. 4.7 was
acquired for 20 touching events for each color. Within the system implementation, this
retrieval of color information and saving can be implemented as a photometric calibration
prior to the initialization of the UI.

The finger-movement detection process outlined previously gave as a result the color
category classes shown in Fig. 4.7. Several measurements of the vector C⃗d in Eq. (4.2)
provide us with mean value vectors µ⃗N (N ∈ [R,G,B, Y, C,M,NC] ) and standard
deviations σN of those color clusters. This information is saved into the system as a
color database and used for later identification. The use of the normalized RGB space
in Eq. (4.2) allows us to have a color measurement unaffected by unevenness in intensity
of the captured values. Since we are using this space, it will suffice to use only the R and
G components of it without any information loss (since B = 1−R−G). The question
that arises now is what is the most adequate way to match a captured color value C⃗cap =
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(CR, CG) with the mean value of each of the clusters in the database µ⃗N = (µNR, µNG)

to implement a movement cue along the y-axis. The most straightforward approach is
to map a captured color value into the color space of Fig. 4.7 and measure the Euclidean
distance from the mean database values to the captured value. The Euclidean distance
expression dE is given by:

dE(C⃗cap, µ⃗N) =
√

(CR − µNR)2 + (CG − µNG)2. (4.3)

However, as it is easily seen from the color distribution in Fig. 4.7, the color values
are not evenly spread on the different axes of the RG-space. To take into account the
correlations between the variables [44] and to improve the accuracy of this method,
we also measure the Mahalanobis distance that C⃗cap has with respect to each of the
N clusters with mean value µ⃗N [52]. In that case, the expression for the Mahalanobis
distance dM is given by:

dM(C⃗cap, µ⃗N) =

√
(C⃗cap − µ⃗N)TΣ

−1
N (C⃗cap − µ⃗N). (4.4)

In Eq. (4.4), Σ−1
N is a 2×2 matrix that denotes the inverse covariance matrix of the data

associated to the color cluster N in the RG plane of Fig. 4.7. Using the eigenvectors
and eigenvalues of the covariance matrix, we are able to plot confidence ellipses around
each distribution. A captured color vector C⃗cap has to be located inside one of the
ellipses defined by a color distribution to be classified as a value corresponding to that
distribution. Since we consider the values captured are normally distributed, they follow
a chi-squared (χ2) distribution with 2 degrees of freedom [44]. Therefore, to plot the
confidence ellipses, as well as the detection thresholds for the detected values of the
vector C⃗d, the major and minor axes are scaled according to the values of the mentioned
distribution for different confidence ranges (see Fig. 4.7).

In order to evaluate the accuracy of the color classification shown in Fig. 4.7, we conduct
an experiment in which the LF of six spheres of solid color were reconstructed and
displayed one by one in the screen. The user then scattered the light of the LF while
the system performed the color identification with both Euclidean and Mahalanobis
distances. The scattered light was captured by the RGB camera and then, following the
algorithm described in Fig. 4.6 and the details in this section, the scattered light was
converted to the vector C⃗d in Eq. 4.2. The results of the color detection for each of the
tested colors are shown in table 4.1.
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Distance Red Green Blue Yellow Cyan Magenta No color
Euclidean 66% 30% 91% 39% 40% 94% 79%
Mahalanobis 64% 71% 99% 79% 56% 98% 99%

Table 4.1: Comparison of the detection effectiveness for each of the distance metrics
used. The identification effectiveness was tested on a sample of 250 frames per color.
Except for red, Mahalanobis distance yields in general better results than identification
using Euclidean distance.

To calculate it, the number of correct classifications was considered, counting both
misclassified frames and empty frames as failed detections. In the case of Euclidean
distance, the detection threshold was set to be a sphere of a radius r = 2σc, with
c ∈ [R,G,B, Y, C,M,NC ]. For the Mahalanobis distance decision threshold, we used
the ellipse that corresponds to the interval with 99% of confidence as illustrated in
Fig. 4.7. By comparing both metrics, it is concluded that the Mahalanobis distance
is a better fit for the shape that the color distribution acquires in the RG normalized
space.

4.6 Interaction examples

The location of the interaction point is readily extracted from the contour extraction
described in Fig. 4.6. During the detection of scattered light, the displacement of the
finger is measured and once the finger has moved a distance roughly equivalent to the
size of the LF sphere in the camera coordinates, the LF displacement is triggered and
the finger is re-illuminated by the displaced LF. An application of this approach is shown
by realizing a drag gesture akin to the one usually used to unlock a mobile device. Since
we are detecting a 2D displacement for the drag gesture, the color identification at this
stage is only used to confirm the user is actually touching the green LF and not other
external light.

A frame sequence showing this application is shown in Fig. 4.8. The system is able to
follow the position of the fingertip along the horizontal direction to drag the LF of a
sphere and unlock the screen. The application of the color recognition also allows us
to place another informative LF (’unlock’ sign) on top of the lower green sphere used
as the interaction light. Even if the user scatters the blue light of the upper sign while
interacting, this will not be recognized as an input due to the color identification.

By implementing the pipeline detailed in Fig. 4.5 we realized a demonstration in which
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Figure 4.8: Realization of the drag gesture using the light scattered from the LF.

the user is capable of moving the LF of a bicolor sphere in the up and down directions.
The implementation of the described method provided an interface that allowed the user
to move the ball up and down at will (see Fig. 4.9).

Figure 4.9: Demonstration of user’s interaction with the LF along the y-axis using color
cues. The position of the LF follows the finger that scatters the different reproduced
colors.

Another demonstration of how the color can be used to locate different positions along
the y-axis consisted on a music volume control, with the detection of each color indicating
an increase or decrease of sound (see Fig. 4.10). Using colors also permits to have more
buttons with different functions in a reduced screen area, by just placing several colors
at different heights.

Combining the location in the xz-plane, along with the direction in the y-axis, we realized
a scroll-ball capable of moving a reconstructed cuboid. A detailed scheme of its functions
is depicted in Fig. 4.11 and the algorithm shown in Fig. 4.12. Fig. 4.13 depicts how this
scroll-ball was able to move the LF in all the indicated directions. As the interactions
are only implemented with the bicolor sphere, nothing happens when a finger touches
an area different to the bicolor sphere. This is because the cuboid object and the
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Figure 4.10: Demo for controlling the volume of an audio system. (a) When the volume
is placed at ’MAX’, the user can lower it by scattering the green LF (see leftmost
picture, fingertip’s color). Correspondingly, the user can increase the volume once more
by scattering the blue LF. This interaction only uses the color values of Fig. 4.7 using
the Mahalanobis distance to realize the required task. (b) Front view of the reproduced
LF, with the volume indicator placed behind the bicolor sphere.

background content have different colors (orange, magenta and dark blue) from the
scroll-ball, therefore minimizing the interference and the errors. Increasing the degrees of
freedom in the usage of color is one of the issues to be addressed in future studies.

These demonstrations prove that the concept of reading out the color of the regenerated
LF is a very feasible way to create an interface that is not only robust, but also contact-
free and requiring nothing more than the use of a single RGB camera. Besides, since it
is a technique that uses the LF directly, the problem of calibrating the content with the
position of the user gets naturally solved.

4.7 Scattered light detection under arbitrary illumi-
nation

The previous demonstrations based on LF detection have been done with exposure times,
gain, and lens aperture values that permitted to obtain the binary mask and interaction
point only when the user used the finger to scatter the LF. Therefore, without LF
scattering, the user would not be detected by our system. This is also related to the
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Figure 4.11: Scroll-ball used to spin the re-
produced LF.

if C⃗d == RED then

α−− = 10◦

end
else if C⃗d == BLUE then

if x < thx1 then
β −− = 10◦

end
else if thx1 < x < thx2 then

α ++ = 10◦

end
else if x > thx2 then

β ++ = 10◦

end
end

Figure 4.12: Scroll-ball algorithm

Figure 4.13: Demonstration of how the scroll-ball of Fig. 4.11 is used to interact with a
LF reproduction. Arrows in the middle of the screen indicate to the user the direction
of the movement. The dotted circle in the leftmost picture shows the finger scattering
the LF.

light conditions of the room the system is placed on. If we have a fully illuminated room,
then the finger will scatter not only the LF but also the environmental light. Depending
on the color of such light, its intensity might significantly affect the color detection. If
the intensity of the room illumination is greater than that of the scattered light, then
no matter how low the exposure time, gain, and how closed the RGB camera’s aperture
be, the finger is detected under bright illumination and the system response would be
indistinguishable from the LF scattering. Since this system should be used under common
illumination conditions and not in a dark room, a more sophisticated method is adapted
to detect the scattered light.
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4.7.1 Mixture of Gaussians (MOG)-based background subtrac-
tion

As previously mentioned, the LF scattered by the user is captured by segmenting the ROI
from the camera image by applying a background subtraction algorithm that consists on
subtracting a previously captured average of the scene before starting the interaction.
The resulting image is binarized to acquire the finger and possibly some other hand parts.
Next, the contours of the main structures are extracted from the binary image acquired.
Since the tip of the finger usually corresponds to the pixel closest to the HOE screen
in the z-direction, the minimum z pixel of the obtained contours is the one we consider
to be the fingertip of the user. All these changes of the illumination environment can
result in an incorrect segmentation.Therefore, we use a background subtraction based
on Mixture of Gaussians (MOG).[75]

However, it should be considered that there might be various changes of illumination
that take place during the day, a lamp turned on or off (see Fig. 4.14), or when the
user leans towards the system, blocking some reflected light from the environment and
modifying the background model previously established. This algorithm models each
pixel inside the captured image as a sum of Gaussian distributions based on the values
of that same pixel in previous frames over a reasonable time. The model is constantly
updated to account for any changes in the illumination of the background, obtaining a
more robust segmentation. The generated binary mask is processed using erosion and
dilation filters, cleaning the image and obtaining an ROI of the interacting finger, just
as it is done with the average-based background subtraction.

The effect of the use of MOG-based background subtraction and a straightforward back-
ground subtraction can be seen in Fig. 4.15. In Fig.4.15(a) we use the above described
background subtraction where an average frame of 100 frames captured before the be-
ginning of the interaction is subtracted from each captured frame. An LED lamp is lit in
both cases, causing false positives in the segmentation mask. On the other hand, using
a variance threshold for the pixel model match of 16, 2000 previous frames to train
the background model and an automatic learning rate, the mask correctly segments the
finger after sustaining the same illumination change as shown in Fig. 4.15(b). The
illumination is a fluorescent mercury lamp, the camera gain is set at 17 dB and the
exposure time set at 7000 µs.



4.7. SCATTERED LIGHT DETECTION UNDER ARBITRARY ILLUMINATION 65

Figure 4.14: Indoor illumination can affect the color detection

4.7.2 Pre-sampling of the user’s finger

Once a correct finger region has been established using the segmentation procedure, the
color scattered by the finger has to be accurately detected. One more problem with
capturing the light scattered by the fingertip is that the intensity of the LF can be low.
This is a problem for detecting the scattered light and the corresponding interaction
since a low-intensity signal might get mixed with the environmental light in the space of
the interface, causing an incorrect detection or no detection at all.

As mentioned above, the previous method could not detect the finger if it did not
scatter LF because of the low light conditions. This time, the problem is to detect if the
finger is actually scattering LF or not, but the finger itself can be detected even without
the presence of LF. By demonstrating that scattered LF can be captured under bright
conditions, we show this method is also applicable in such setting.

To account for the presence of other sources of light, the system will request the user
to show the finger under the environmental light without any LF present after obtaining
the MOG-based segmentation presented in Fig. 4.15. The user is requested to show
the finger for a short time and an average of the captured frames of the finger under
environmental light is obtained before the interaction begins.This is what we call pre-
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Figure 4.15: Comparison of finger segmentation mask using conventional background
subtraction (a) and MOG-based background subtraction (b) when impinging an LED
lamp to the finger. Notice how the ROI shifts to an incorrect area in (a-blue square)
but it correctly segments the fingertip in (b).

sampling of the user’s finger, which provides the base color the LF scattered colors will
be mixed with.

The segmentation of the image of the finger and the computation of its average is
realized at a sampling rate of approximately 70 FPS. This process can be completed in
approximately 1.43 seconds when sampling 100 frames, requiring the user to only pass
his or her finger through the empty screen before starting the interaction for a very short
time. Even if the finger is constantly moving, the average can be computed easily because
the pixel closest to the screen is used to generate a fixed region around the finger. This
region of 50 × 25 pixels is segmented out from the original captured image of 640 ×
320 pixels. The averaging process is performed only in the region generated around the
finger, becoming very fast. Once the system obtains the required 100 frames, the display
of LF starts automatically, without any further action required from the user.

After obtaining the average of the finger without any scattered LF, this average image is
subsequently subtracted from the captured frames when interaction with the LF starts.
This straightforward approach allowed us to increase the distance between the average
value of the scattered colors as shown in Fig. 4.16. The graph in the left bottom
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part indicates how the means of the colors are clustered in the center of the graph,
while its values get more distinguishable from each other after subtracting the averaged
finger under indoor illumination (right bottom graph). When compared to the previously
obtained distribution in Fig. 4.7, we observe that the same distribution is reproducible
under an office-illumination environment when we apply these changes, recovering color
information that would be lost otherwise.

Figure 4.16: Effect of subtracting a finger image without diffracted light (i.e., scattered
LF) and normalizing the color result. The separation of the obtained pixel values can be
seen in the lower graphs.

This implemented changes show how the color information can be retrieved for its use
even in environments where it might get obstructed by other light sources. The here
proposed method is based on a capture and subtraction of the finger of the user, but that
image can also change depending on the present illumination. A possible solution could
be to implement something similar to the MOG subtraction that updates the model
depending on the previous captured frames. This would also allow for the capture of
scattered light in the hands of people with different reflectance in their skins (e.g., dark
skinned people or people with polished fingernails, etc.). The further development to
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improve this measurement should be the aim of future studies.

A demonstration that proves the correct color identification under environmental light
consists of a button interface that was adapted to represent an ATM (see Fig. 4.17).
Depending on the function the user requires, the finger is placed on the required button
and that function is executed using the color identification. The system is programmed
to execute a certain function depending on the scattered color, similar to the volume
interface demonstrated in Fig. 4.10.

Figure 4.17: Example of the implementation of color detection to reconstruct an interface
that resembles an ATM: The user points to a button that corresponds to a function, the
color is scattered and the corresponding button vanishes.

The presented applications demonstrate the feasibility of the use of color information in
the LF reproduced by a holographic LF display to attain an interactive interface that
naturally solves the problem of aligning the displayed content to the signal used to detect
the interaction. The use of color permits the creation of floating buttons with several
functions and, as it has been shown, very complex tasks can potentially be implemented,
such as writing and drawing in a 3D space without any restriction but the area of the
screen. This method is an intuitive one, that works directly with the generated content
of the screen and that can be easily popularized and promoted as an easy-to-use and
contact free interface. Its applications could range from interactive digital signage for
cars, kiosks terminals for department stores and scenarios in which hygiene plays an
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important role such as hospitals, food-processing facilities, etc. This study is also one
step forward into making glasses-free 3D interfaces more widespread, considering that
the lack of an adequate application has hindered them from becoming a more popular
technology. Finally, although not very exploded in this study, the holographic LF display
based on HOEs is a transparent screen that can be blended with the environment and
give rise to even more applications (e.g., information display of a moving scenario).

4.8 Future work

The use of the color information as an extra cue when using the detection of scattered
light is an easy to implement and useful approach that has many advantages like not
requiring infrared detection and keeping the registration of the content and the user. It
might be argued that the use of color as a detection cue, specially in the y-axis direction,
limits the color of the reconstructed LF because the color should be changed along this
direction. That is indeed true, but it can be solved by applying a time-multiplexing
scheme in which the color is displayed for a period of time and then the intended LF is
displayed, at a frame rate high enough for the user not realizing that color detection is
being used.

An approach like this would require a trigger that synchronizes a camera and the pro-
jection of the image. Research involving high speed projectors of 947 fps synchronized
with cameras at 500 fps has been reported [22]. An approach involving the use of a
high speed projector and a high speed camera along with the LF projection to realize
3D tracking based on scattered light can be the focus of a future study. In Fig. 4.18,
we show a proposal on how to combine this approach with high-speed devices.

One more point is how can the scattered light be considered to be a haptic-like element
when interacting with a 3D reconstructed object. The continuous light in the tip of the
user as a “haptic”element is, in our personal opinion, very small. In addition, the
reflected light is sometimes obstructed by the user and, most of the times, not visible
to the user because the finger itself obstructs it, as mentioned by the users in the user
evaluation. So it is very common that the user is not even able to realize that light is
being scattered by the finger while interacting. Nevertheless, in the case of the ATM
interface, we personally felt a stronger feeling of interaction when the LF disappeared
after pressing one of the buttons. The sensation of light disappearing from the finger
after irradiating the finger gave the sensation of a responsive system. Therefore, in
future work it would be interesting to propose how using a blinking light instead of a
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continuous stream of light in the finger of the user might increase the user satisfaction
with the GUI.

Figure 4.18: Proposal on how to merge color detection with the interaction of a LF image
by synchronizing the projector and the camera. Even higher frame rates are potentially
possible with the currently reported refresh rates [22].

Finally, to have a more real interaction with the captured objects, a larger display is
also desirable. However, since the size of the HOE-based LF display is limited by the
size of the collimating lens, creating such a system will result in a very bulky device.
Recent proposals [25] on digitally designed HOEs that record in the pattern the required
optics using a spatial light modulator (SLM) are also an interesting alternative to further
improve the quality of our system and enlarging the device without requiring heavy
collimation optics (see Fig. 4.19). Implementation of optical functionalities in a digitally
designed HOE could in the future include a correction to the optics of the used projector
to improve the quality of the displayed image.
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Figure 4.19: Proposal to create a larger display for an interface that better accommodates
human interaction
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Chapter 5

Fusion of scattered light detection
and 3D tracking sensor

The proposed approach in chapter 4 of using the scattered light when touching a LF
reconstruction and identifying the scattered light along with its color is an original pro-
posal of our group, naturally registering the user position and the LF, and robust enough
under the adequate experimental conditions. It can potentially be blended with other
proposed approaches in section 4.8 to potentially realize more complicated tracking rou-
tines. Nevertheless, there are already many widely available approaches that track the
gestures and position of the hand and fingers of a user without requiring any hardware
attached to the user.

5.1 Rationale behind the fusion of scattered light de-
tection and 3D tracking sensors

In recent years, there has been a strong development of several off-the-shelf devices that
can track the gestures and the position of one or both hands of a user. Some examples
are the Microsoft Kinect [50], Intel RealSense [45], Leap Motion(LM) Controller [66],
among others. The described devices have been used to implement gesture interfaces
and several other applications, such as the control of a robot arm reported in [66].
They can be used to implement both gesture interfaces and direct-touch interfaces. A
gesture interface is an interface where the user mainly inputs information into the system
through the use of gestures. These gestures are a movement pattern identified by the
corresponding vision system (stereo camera, structured light, etc.) and they may or may

73
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not spatially match with the interactive content. There are many examples of the LM
controller used to control actions of a hand displayed on a desktop to modify the content
within the display, therefore not accessible to the space where the hand is located.

A direct touch interface is an interface where the user directly interacts with the content
by physically touching its reproduction. An example of its implementation can be found
in the prototype called Holodesk [21] and its evaluation has been proved to be helpful for
certain tasks in other studies [34, 4]. The direct touch interface is intuitive and easy to
use because the user directly touches the 3D image displayed in front. This interface is
suitable for systems used by people who are new to or unfamiliar with the system, such
as public terminals on the street. Not requiring from the user to imagine beforehand the
movement within the interaction space might potentially help to increase the usability
of this kind of interfaces.

There exist other approaches related to VR implementations in avatars and physical
simulations that consider the realism of the movement and the physical simulation of
the contact as important metrics to evaluate the interaction (for example, [57]). An
evaluation of this kind approaches compared to the here pursued direct interaction should
also be studied to find what is the best way the user can interact with the virtual
content.

Figure 5.1: Difference between registered and unregistered GUIs. If the position of
the user is correctly registered, the user does not need to imagine beforehand how the
performed actions will be reflected in the interface when operating it.

Although we consider the approach proposed in chapter 4 of detecting scattered light
along with its color could be further developed to be a standalone 3D tracking method, we
are also interested in evaluating the potential of this interface with gestures and see how
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valuable can the introduction of direct touch be. Since the commercially available devices
have already well-developed 3D tracking and gesture detection routines, with functions
available in Software Developer Kits (SDKs) for several programming languages, we first
propose a way to combine our method with the available technology to harness the
capabilities of already existing devices. Once these two approaches (developed gesture
sensing and registration of the interaction using scattered light), we can evaluate under
what circumstances registering the LF with the position of the hand is meaningful and/or
helpful.

Another advantage of using off-the-shelf methods is that they not only track one position
of the user, but they are also capable to track several features of the hand such as
the position of every finger, the orientation of the palm (yaw, roll, and pitch angles)
and even the location of the bones of the hand in the LM case, among other useful
information.

Several other methods to create a 3D GUI have already been presented in section 2.6.
In general, most of them lack the capacity to register the interaction with the content.
The approaches that do solve the registration problem, have either to work on updating
the LF in a sufficiently fast way or implement the use of gestures to interact with the
reconstructed content. This research aims to solve this problem and present a method
both fast, and with registered position and gestures.

5.2 Proposed method

The method we propose to align the position of the user can be summarized as fol-
lows:

Consider the LF display reproduces some 3D buttons with different colors so that a
user can choose one of them. As shown in Fig. 5.2, the light scattered by the user’s
fingertip is captured with a color camera and the region of detected scattered light is
segmented. Then, this segmented Region of Interest (ROI) is processed and averaged
into an RGB vector C⃗d = [R,G,B] using the pixel values of the captured image. This
value is compared to the color vectors of the 3D buttons to identify which button the user
touched, just as detailed in section 4.5.3. Since we can control the color and position
of the UI objects within the display coordinate system (R3

Dis.), the color can be used to
identify additional spatial information. We use an RGB camera located on top of the
system and the position of the fingertip within the camera space (R2

Cam.) to find the
position of the interaction in 3D space. Therefore, color will let us identify a 3D position
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whenever the camera detects a certain color.

Figure 5.2: Proposed method to register the position of the LM controller using scattered
light detection.

5.2.1 Fusion of the scattered light and the LM controller spaces

We detail the integration of the LM controller into our system in this section. We will
harness the previously developed scattered light color detection to use this measurement
to automatically register the position of the content of the LF display (R3

Dis.) and match
it with the coordinate system of the LM (R3

LM) so we can obtain a more natural and direct
interface. The theory of the problem reduces itself to the estimation of a geometrical
transformation between the display space and the LM controller space. Different spatial
points are used to estimate the transformation that takes the measured values in the
LM-space to the rendering space of the LF display. Then, once the position of the hand
or gesture can match the place of reconstruction of the LF object, the data from the
LM controller are used for the recognition of finger movement.

As illustrated in Fig. 5.2, we have the HOE screen and projector to reconstruct the LF,
an RGB camera located on top of the setup to detect the scattered light and the LM
controller located at the bottom. All devices are connected to a PC that controls the
system. Then, n LF objects are reconstructed at known positions (p⃗i ∈ [p⃗1, p⃗2, ...p⃗n] ∈
R3

Dis.) in the display rendering space. To each of these p⃗i positions we associate a
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color vector c⃗i = [Rci , Gci , Bci ], which will be detected when the user interacts with the
LF and scatters its color. If we assign a different color to each position, we create a
correspondence between the detected color ci and the position p⃗i ∈ R3

Dis.. In parallel to
this process, the LM controller detects the position of the user in a point p⃗LMi ∈ R3

LM .
The detection of scattered light provides to the system a cue that indicates that the user
is directly interacting with the LF in a known position, therefore it creates the association
between p⃗i(position within the screen space), c⃗i(color of the reconstructed button) and
p⃗LMi (position in the 3D space) via the scattered light detection. By detecting the n

points of the reconstructed LF objects, it is possible to estimate the transformation that
matches the points in the display and the LM controller. In other words, we look for a
transformation T that performs the mapping:

T : R3
LM → R3

Dis. (5.1)

The transformation in (5.1) can be modeled after a 3D affine transform, as a matrix
A ∈ R3×3 and a translation vector t⃗ = [t0, t1, t2] obtaining the correct registration as
follows:

p⃗i = Ap⃗LMi + t⃗. (5.2)

The matrix A and the vector t⃗ are used to transform the measurements of the LM
sensor into the reference frame of the LF display. The matrix A stands for the rotation
of the coordinate system, while t⃗ is a translation vector from the origin of the coordinated
systems. The estimation accuracy of A and t⃗ depends on the number of correspondences
n between LF objects and LM points used to compute it. The method for estimating
the matrix A and vector t⃗ is explained in the next subsection.

5.2.2 Transform estimation

The process we follow to retrieve display coordinates from LM coordinates is summarized
in Fig. 5.3. We use an affine camera model to approximate the transformation from
the LM space to the display space. This model is a simplification of the perspective
camera model, representing the case of the orthogonal projection of a point in 3D space
(R3

LM) on a plane in the display space (R2
Dis. ⊂ R3

Dis.) [20]. Let us call p̃D′ ∈ R2
Dis.

(with tilde) a vector contained in this plane, and distinguish it from the full 3D vector
p̃D ∈ R3

Dis.. The LF objects for calibration are reconstructed in the plane that contains
p̃D

′ during the transformation-estimation procedure and has a fixed distance z0 away



78 CHAPTER 5. FUSION OF LIGHT AND 3D SENSOR

from the HOE screen. When using homogeneous coordinates, we will augment the
2D vector p̃D

′
= (x, y) to the notation p⃗D

′
= (x, y, z0 = 1) (with top arrow), where

the last element is a scaling factor. Likewise, the 3D vector p̃LM = (xLM , yLM , zLM)

is augmented to p⃗LMA = (xLM , yLM , zLM , 1) = (p̃LM , 1). This is a commonly used
notation in projective geometry and computer vision applications [59]. Therefore, this
transformation takes the form:

p⃗D
′
=


xD

yD

1

 =


a11 a12 a13 a14

a21 a22 a23 a24

0 0 0 1

 ·


xLM

yLM

zLM

1

 . (5.3)

Compared with Eq. (5.2), in Eq. (5.3) the translation has been integrated into the matrix
A. This transformation, different from a more general perspective transformation, has
only 8 unknown parameters. Since each sampled point represents 2 equations, at least
4 points should be retrieved for the problem to have solution. Therefore, to acquire
the required points we employ the LF objects reconstructed in a plane parallel to the
HOE screen (z = z0). This problem is solved with an implementation of the RANSAC
algorithm for robust estimation [15].

Although the option of directly using a 3D version of the RANSAC algorithm is in theory
possible, the experimental results of using this algorithm directly turned out to provide an
unstable estimation of the mapping between the LM coordinates and the LF display The
addition of an extra dimension (z-axis) makes it more challenging to use only RANSAC
to estimate this transformation correctly. The reason of the instability of RANSAC for
this procedure, as well as the consideration of using a more accurate method should be
the topic of future work.

On the other hand, this process can be of aid when RANSAC in 3D does not work and
needs to be applied in other scenarios.

Once the parameters of the matrix A have been retrieved, the projection of a point in
R3

Dis. can be located in a plane R2
Dis. ∈ R3

Dis.. To obtain the zD coordinate that provides
the full 3D position in R3

Dis., we first estimate the equation of the plane generated by
the N detected points p⃗LM1 , ...p⃗LMN . This plane is ideally the one that minimizes the sum
of Euclidean distances between itself and the set of N points. A plane can be described
by its normal vector n⃗ = (nx, ny, nz) and the equation

nxx+ nyy + nzz + c = 0, (5.4)
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with c ∈ R. Considering a point in the LM space p̃LMi = (xLM
i , yLMi , zLMi ), its distance

from the plane is given as

ri(p̃
LM
i , n⃗) = |nxx

LM
i + nyy

LM
i + nzz

LM
i + c|.

Therefore, we would like to find the plane whose normal vector n⃗min minimizes the sum
of distances from all N points, namely

n⃗min = arg min
( N∑

i=1

r2i (p̃
LM
i , n⃗)

)
. (5.5)

It can be shown [16] that a Singular Value Decomposition (SVD) of the 3 × N matrix
B formed with the p̃LMi points measured can provide the optimal plane within the ℓ2

norm. The SVD decomposition of the matrix B is given as:

B = UΣV T , (5.6)

where U and V are 3 × 3 and N × N orthogonal matrices and Σ is the 3 × N matrix
of singular values σi where the first 3 × 3 partial matrix is given by diag(σ1, σ2, σ3),
and the other part is a zero matrix. The vector n⃗min, which defines the best plane
in the least-square sense as in (5.5), is given by the third column vector of U , which
corresponds to the minimum singular value [16]. Once this plane is defined, and assuming
an orthographic projection from the LM space to the display plane, we can obtain the
zD position in the display space by computing the distance between the plane defined
by n⃗min and the read-out point by the LM sensor p̃LMi as follows:

zD = β|v⃗ · n⃗min|, (5.7)

where v⃗ = p̃LMi − p⃗pl, is the vector that goes from a point in the plane p⃗pl to the readout
point by the LM sensor. This distance is scaled using the β parameter, from the units
of the LM space to the ones of the display space.

5.3 Registration error measurement

To evaluate the accuracy of the registration method inspired in the one reported in [1].
The position of the finger detected by the LM (xLM , yLM , zLM) is transformed to a
position in the LF space (xD, yD, zD) using the estimated affine transformation along
with the z distance from the adjusted plane. A color tile is reconstructed in a previously
defined LF position. The accuracy test consists on moving the finger to the tile position
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and compare the 3D transformed position with the ideal position used for rendering the
tile.

A number L of points are randomly picked for the test. Let j ∈ [1, ..., L] and each 3D
point of the LM transformed to screen coordinates be denoted as (xD′

j , yD
′

j , zD
′

j ). The
reconstructed tiles are reproduced one each time in the LF space centered at the 3D
point (xD

j , y
D
j , z

D
j ), each having a square size of 20mm × 20mm.

The LM provides a large stream of readings that can change with the tremor of the
hand. Another thing to consider is that the finger scatters color within the volume of
the reproduced tile, so as long as the finger scatters color inside the tile, the system
considers the finger as being in the center of it. Therefore, the reading (xD′

j , yD
′

j , zD
′

j )

for the position of the reproduced tile j, is obtained by taking an average of 50 readings
of the LM while the finger scatters the color of the tile.

The average error of L = 10 points between both ideal and measured positions in this
experiment is E = 4.02 mm, which is likely to be acceptable for this application. A
depiction of this accuracy evaluation is shown in Fig. 5.4.

5.4 Integration into a GUI

The calibration process is a requirement for the system to work correctly, not tied to the
task the user wants to perform and certainly not saving time for the user. Therefore, it
would be of help that the calibration procedure could be integrated and combined with
the tasks the user needs to perform. The use of scattered light in-line with the interaction
procedure was proposed as future work in section 4.8. Although in this study we are
not considering having in-line correction of the obtained calibration, we implemented an
integration with the calibration procedure into an ATM-like GUI that can capture the
required spatial position and realize the calibration procedure by acquiring the color-3D
space correspondences required. The idea is that the user will input the basic information
of the transaction required. In our implementation, as depicted in Fig. 5.5, the user
presses the button that corresponds to“withdrawal”and presses an“enter”key. These
actions already capture two of the minimum 4 required positions to estimate the affine
transformation. In the next stage of the GUI, the buttons are located slightly lower and
the options of some withdrawal amounts are presented. By choosing one of them and
pressing“enter”once more, the user can finally match the 3D points with the position of
the LF images, achieving the registration. Naturally, each of the options are represented
by a button of different color, so the system can identify what button is being pressed
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by scattering the corresponding scattered light.

We could think of several other scenarios in which this registration method is used.
For example, a desktop computer usually requires a PIN number to be unlocked. The
input of this PIN code by a numeric pad with different colors could also provide this
functionality. If this type of displays gets adapted to work in an automobile, then the
input information could correspond to keys such as“start engine”, choose the position
of the gearbox (“Parking”,“Drive”, ”Reverse”, etc.), adjust of rearview mirrors by
pointing to each of them, which could provide even a safety feature by forcing the user
to check the mirrors before start driving.

The GUIs registered with this kind of interface could have many applications: For a
desktop-like system (see Fig. 5.6), to have a registered interface enables many creative
functions such as drawing and editing pictures and performing organization-related tasks.
In the case of the ATM-like interface, it could work as a way to input a 3D pattern for
identification, similar to the one used by some smartphones to unlock the screen. To
add a pattern of this nature along with the PIN code could provide extra security to the
clients of the bank. More details about this possible application will be discussed in the
next chapter.

In the case of a registered car interface, it could also provide a way for the driver to
point to a certain feature in the road and display information about it, to trace a route
on a map to the navigational system, to measure the distance between the origin and
the destination, among other possible developments (see Fig. 5.7).

The proposed GUIs (ATM, desktop PIN code, car GUI) are ideas on how we can use
the direct touch and light scattering to provide a spatial registration check between
the generated content and the position of the user. Early touchscreens in 2D displays
required calibration routines[13], specially the ones based on resistive technology due to
the deformation of the Indium Tin Oxide (ITO) layer used to detect the touching point.
With prolonged use, these layers would deform and warp, changing the performance
of the touchscreen. Capacitive touchscreens do not have this problem, not requiring a
calibration procedure [24]. In the case of the proposed 3D touch method, depending
on where the screen is located, the material and the position of the sensors might be
modified by several factors. The HOE polymer is prone to shrinkage and deformations
due to temperature and humidity changes. Since there is still not a definitive 3D touch
architecture, it is very likely that a calibration routine like the one proposed here is
required as these interfaces evolve gradually and become more widespread.
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In that sense, the study of the here proposed approach and the study of this problem is
of great relevance to the advancement of effective 3D GUIs.
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Figure 5.3: Use of the affine transformation estimation and the retrieved points in LM
space to obtain the coordinates in the display space.The rendered points p⃗Di and p⃗LMi

are matched using color and the affine transformation computed (1); the transformation
projects the 3D points of the LM in the determined plane at z0 (2); the best fit for
a plane using all the LM points is computed using SVD (3); finally, the distance from
the p⃗LM to the computed plane is used to obtain the z coordinate by transforming this
distance into units of the display space (4).
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Figure 5.4: Measurement of the registration accuracy: a number of L = 10 tiles were
reproduced in randomly picked locations within the display space. The discrepancy
between the rendered position (ideal position) and the measured one by the LM after
being calibrated by the proposed method, was computed.
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Figure 5.5: Example that shows how a GUI interface is capable of registering the position
between the LM controller and the LF display.

Figure 5.6: The input of the PIN code in a system can be used to register the interaction.
Once the interaction is registered, it can be applied to several tasks like sorting out objects
or selection of items based on depth.
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Figure 5.7: Idealization of a car using a 3D display where the user registers the position
of the hand and the sensors using the initial required commands to drive. This GUI
can also be registered and re-calibrated each time the driver starts a car (top). This
registration can be used for several functions in the GUI (bottom).



Chapter 6

Applications of registered sensor

The aim of registering the position of the user end the reconstructed LF is to have an
intuitive interface that a user can use immediately and without requiring to learn any
complicated operations. To achieve this, we can make use of the daily life interactions
of lifting objects and moving them from one place to another, but also of writing,
tracing and drawing abilities, as well as the gestures that have been developed and
become popular through the use of smartphones and 2D touchable screens (e.g., swiping,
pointing, tapping, etc.). However, it could be that some of them are not adequate to
implement in a system due to the absence of any physical feedback like a solid screen.
Further research on this type of interfaces is required to answer these questions.

In any case, here we introduce some demonstrated interactions using the sensor registered
after the procedure described in chapter 5.

6.1 Real time free drawing

We demonstrate 3D free drawing with the user’s finger. The user can draw an LF path
that follows the finger’s trajectory within the 3D space in real-time.As mentioned in the
previous chapter, the RGB camera goes offline, and the calibrated LM data is used for
finger tracking. The effect of the calibration in the free drawing of LF is shown in Fig.
6.1. Although the fingertip and the trajectory drawn in the LF display are separated
in the upper sequence before the calibration, the drawing is well registered with the
fingertip in the bottom sequence after the calibration. The pictures are taken from the
user’s viewpoint. Fig. 6.2 shows another example.

This tracing is different from the one reported in aerial displays because it is capable of
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Figure 6.1: Registration result: Before the registration procedure, the place of the
gesture and of LF reconstruction does not follow the finger of the user(upper sequence),
whereas after the registration procedure, the location of the LF reconstruction corre-
sponds to where the user passes the finger, drawing a circular trajectory (lower sequence).

reproducing a 3D trajectory and not just the tracing in a single plane. As mentioned
in chapter 5, this can be further used in the future as an additional way to input a
pattern into an ATM device or any other system that requires authentication from the
user (see Fig . 6.3). This method has already been proposed, and it draws attention as
documented in [41, 17, 42]. Of particular relevance is the work published in [41] where
the difficulty of not having an input medium is also discussed.

6.2 Registered gestures grab and poke

Since the LM controller provides not only the position of a finger of the user, but a
complete model of the hand and the position of all the fingers and normal vectors, these
locations are used to implement grab and poke gestures and interactions with them
(see Fig. 6.4). Although here we introduce only these two examples, the positions of
the fingertips, along with the palm location, Euler angles-based orientation and other
information provided by the LM controller, can potentially be used to implement more
complicated functions (rotating and examining an object, deforming it, disassembling it,
etc.) This should be part of the future development of this GUI. In the grab gesture, the
positions of the index finger (p⃗ind. ∈ R3

LM) and the thumb (p⃗th. ∈ R3
LM) are acquired

and the Euclidean distance between them retrieved (d = ∥p⃗ind. − p⃗th.∥).

In principle, if the value was under a minimum distance, the system identified this finger
position as the user grabbing a LF object. The function would take the form:
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Figure 6.2: Real time free tracing of the finger trajectory into LF using the computed
registration (a-c). The registration reconstructs the LF in the tip of the finger of the
user (d).

grab(d) =

 1 d ≤ th,

0 d > th
(6.1)

However, we experimentally found that this way of identifying the gesture was not very
robust since the LM controller, due to noisy readings, usually miscalculates the distance
between the thumb and the index fingers and indicates a user has stopped grabbing an
object even if that is not the case. To account for the measurement errors, a strategy
involving 2 different thresholds was tried: Setting a grab threshold thgr. and a release
threshold threl., and redefining the gesture function as:

grab(d) =

 1 d ≤ thgrab,

0 d > threl.

(6.2)

With these couple of thresholds, the user can grab the LF object and the system would
not consider the user dropped it until the fingers had a significantly larger distance than
the one used for grabbing. Therefore, when displacing the LF object, the tracking errors
of the LM during the displacement of the hand would affect less severely to the threshold-
based strategy. The buffer zone created by the couple of thresholds provided robustness
to the gesture identification (see Fig. 6.5). The picture of the actually implemented
interaction is depicted in Fig. 6.6.

In the same fashion, the information provided by the LM controller was used to show
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Figure 6.3: Commonly used 2D unlock patterns for smartphones. The proposed method
could be used as a way to input a 3D unlock pattern for personal identification. Source:
[78]

Figure 6.4: Illustration of the implemented gestures in the holographic LF screen: Grab,
move, and drop gesture (a) and poke and spin gesture (b).

a poke-like interaction that consisted on the user poking the face of the LF cube and
spinning it, as if it were laying on a table. The way to implement it was by measuring
the distance between the fingertip and the center of the cube (surrounding sphere,
Fig. 6.7). The considered distance corresponded to the one from the fingertip to a sphere
enclosing the reconstructed cube, which differs slightly to the distance from the fingertip
to the actual face of the cube. However, we consider this model as a simplification to
demonstrate the system capabilities. To spin the cube, the angle formed by the vector
formed by the center of the cube and the fingertip and the one formed by the center
and the perpendicular to the face of the cube, was considered. Then, the cube moved
to the direction of the vector resulting from the subtraction of both, so both vectors get
aligned.

Similar to the grab gesture, this rotation was implemented to the render of the cube
whenever the distance d from the surface of the surrounding sphere of radius r to the
center of the cube satisfied:
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Figure 6.5: Comparison of the detection of grab gesture when using two thresholds and
when using a single threshold. The value d stands for the thumb-index fingers distance.
Notice how the noisy readings are better managed by the created buffer zone.

Figure 6.6: Gesture detection after registration with the LF screen (compare with Fig.
6.4(a)): Grab gesture where the user is able to grab the reconstructed cube (a), take it
to the left edge of the screen (b), drop it (c), grab it once more (d), take it to the right
edge of the screen (e), drop it (f) and remove the hand leaving the cube in the right
edge (g).

poke(d) =

 1 d ≤ r,

0 d > r
(6.3)

If poke(d) = 1, then the render is turned to the direction of the difference between both
vectors, as shown in the diagram. The video extract of the real implementation of this
gesture is shown in Fig. 6.8

More sophisticated approaches that include the full rotation of the render and the modifi-
cation of features of the object with the use of gestures can be potentially implemented.
The accuracy of the registration approach can also be improved if we consider some
proposals of using the LF detection along with the LM controller from section 4.8. How-
ever, the significance of advancing that research is still unclear if first the requirement
of the registration is not evaluated. For that end, some other tasks that implement the
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Figure 6.7: Measurement of the angle that pushes the LF cube

Figure 6.8: Gesture detection after registration with the LF screen (compare with Fig.
6.4(b)): Poke gesture where the user can move the cube by poking it and inspecting its
different faces, as one would do with a real cube. First, the cube is reconstructed (a),
then the user pokes it and the red face comes forward (b), the user moves the finger to
the right and the red face moves towards the right (c and d), poking it so the the red
side faces back to the left (e and f) and back again to the right (g).

grab gesture and the tracking of the finger were also developed in order to elaborate a
set of them for evaluating the system.

6.3 Evaluation tasks

To measure the impact of having registered gestures, we designed some tasks whose
completion time and subjective impression of the users would provide feedback to know
how necessary this procedure is. The tasks used the tracking of the finger in the horizon-
tal direction (unlock screen), the 3D tracking and the grab gesture (boxes picking-up)
and the tracking of the finger in 3D to write a pattern in air (circle tracing). The details
of their implementations are presented in the next sections.
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6.3.1 Unlock task

Similar to the task presented in section 4.6, this task mimics the swipe gesture used
to unlock conventional smartphones screens. In the referred section, this tracking was
performed using the detection of the scattered light in the camera space. This time,
using the registered LM sensor, the same gesture function was implemented. To make
it more engaging, the color of the LF sphere was changed each time the user moved the
ball to the edge of the screen. Besides, the user was required to swipe the ball 5 times
(left→ right → left → ...) before the unlocked screen appeared (see Fig. 6.9).

Figure 6.9: Screen unlock task: Diagram (a) and real implementation (b)

6.3.2 Box sorting

Using the grab gesture explained in the previous section, the render program was changed
to depict three boxes in different locations and take them to a goal located in the upper
right part of the screen, which was drawn using a blue torus. Whenever the center of the
boxes reached the coordinates of the goal, then the box would be reduced and erased,
mimicking a vanishing or an absorption. The box then would be counted as goal and
the program would end once the user collected the 3 boxes. Since the area of the screen
is rather small (120 × 67mm), the size of the boxes was reduced so three boxes could
fit and be displaced within this small area (see Fig. 6.10).

Figure 6.10: Box sorting task: Diagram (a) and real implementation (b)



94 CHAPTER 6. APPLICATIONS OF REGISTERED SENSOR

6.3.3 Circle tracing

Finally, inspired by the free drawing demonstration from section 6.1, a task was designed
to evaluate the difficulty of tracing a determined path when the system was registered
and when it was not. The LF a circle was reconstructed in a certain color (purple) and
the trajectory of the fingertip of the user was reconstructed in another color (green).
The user in this task needs to pass the finger near the 3D coordinates of the circle. The
coordinates are stored in a dictionary-like data structure, and whenever one coordinate of
the circle matched the tracked finger within a certain tolerance, the coordinate is erased.
After successfully matching a certain number of coordinates, the program finished (see
Fig. 6.11).

Figure 6.11: Circle tracing task: Diagram (a) and real implementation (b)



Chapter 7

User evaluation

There exist several studies that evaluate 3D interfaces using different paradigms and
different tasks with a wide range of characteristics [1, 21, 4]. Early research on the
need of registering the position of a user with the virtual contents can be traced back
to [34], as it has been mentioned previously in this study. There is also later research
that considers different scenarios where this need for registration is tested [36], finding
that the isomorphic mapping (direct interaction) can at times be more demanding for
the user when compared to a non-isomorphic mapping (indirect interaction) in the case
where the non-isomorphic mapping helps the user to reach out for objects that are
far to reach or can reduce the effort required for tasks. The use of different selection
metaphors such as ray casting, virtual hands or voice commands has also been studied
[3] and implemented in several studies, proving again to be more efficient than direct
interaction under certain circumstances. In the last instance, the adequacy of using
isomorphic or not isomorphic mappings will depend on the application, being isomorphic
mappings more suitable in environments where strict realism of the manipulation is the
major requirement [36]. Anyhow, the registration of the virtually generated content and
the physical space (related to isomorphic mapping) is a necessary element for a mixed
reality system. Considering all the previous research regarding the applicability of the
direct interaction metaphor, there have been other studies that look at the significance
of this registration when implementing a GUI. An early study on direct and indirect
interaction using an eye tracking camera and an LCD with a beamsplitter was reported
in [21]. In this prototype, as described in section 2.6, information from the Kinect sensor
was used to detect gestures and 3D tracking of the hand of the user. The user, rather
than having the LF reconstruction of an object, could observe a projection of a 3D view
of a scene from different positions while moving the head. The results were a shorter
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completion time when the user could interact directly with the content than when this
was not the case. In the user evaluation reported in [1], the users had to locate their
fingers in either 2D or 3D modes using a HPO LF display and a calibrated LM controller.
Tiles were displayed in random positions and the user would require to locate its finger
only in the right 2D coordinates to select a position in 2D mode or would be required to
also match the 3D coordinate under the 3D mode version. Although a small significant
difference between the accurate spatial location between each of the modes (2D and
3D) was found, being the 3D mode slightly more challenging to the users because of
the existence of an extra dimension, no significant difference between the completion
tasks was reported. This study is very useful for our evaluation, since it includes a LM
controller and a LF display, although an HPO one.

In this study, our contribution is also to explore how the registration and the mismatch
between the position of the user and the reconstructed LF can affect the completion of
a task, but this time using an FP display, where the user can more accurately locate
the finger thanks to the extra vertical parallax cues present. Also, different from [1],
explore how this registration aids the effectiveness of gestures by testing versions of
our GUI where the coordinates match and where they do not. We used for registering
the position of the user and the content the method reported in chapter 5. The task-
completion time (TCT) and the subjective user evaluation using a likert scale were
retrieved. In this chapter we describe the experiment, present the results and discuss
them to find a conclusion.

7.1 Experiment

To prove the effectiveness of the registration in both the TCT and user experience, we
designed an experiment where the user performed different tasks with three different
scenarios: (a) unregistered interaction, (b) registered interaction and (c) registered in-
teraction with a randomized mismatch. The difference of each of the tasks is described
in the following paragraphs.

7.1.1 Unregistered case

In the unregistered case, the user would be required to perform a task using the LM
controller and using a cursor in the screen as a way to see where the position of the
finger was reconstructed inside the 3D display space. No spatial matching was considered
at all, but the user could not move the controller from its fixed position either. Therefore,



7.1. EXPERIMENT 97

the user needed to imagine the movement and the speed of the interaction required to
complete the task before performing it, as depicted in Fig. 5.1. After the user was
required to press a button in the main PC, the program of the required task would run
and a 5 seconds-long beep sound was played. After the beep, the time would star running
and the user was instructed to perform the task. Once the system detected the user
had finished the task, the time would be stopped and the same beep would be played to
indicate to the user the task had been successfully completed (see Fig. 7.1).

Figure 7.1: Tasks in the unregistered case

7.1.2 Registered case

In the registered case, a system exactly the same as the one for the previous version, but
with the estimated transformation obtained as detailed in 5, was used to perform the
same task. This time, the position of the user and the reconstructed object were match-
ing more precisely. The same execution process was performed (i.e., press button→beep
sound→time starts→task completed→time stops→beep sound). An illustration showing
the tasks in the registered case is shown in Fig. 7.2.

Figure 7.2: Tasks in the registered case

7.1.3 Registered case with random mismatch

Finally, in the registered case with a random mismatch included, the same transformation
as in the case of the registered case, was used. However, the position p⃗LM of the
user in the LF space was displaced by adding a random displacement vector ∆⃗pmis. =
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(δx, δy, δz) in each trial. The random displacement was limited to be no larger than
half the total displacement possible in each dimension of the screen. In the case of the
z-axis, it was limited to ±20mm. Adding a random displacement vector while keeping
the affine transformation allowed the system to keep the scaling of the interaction space,
although affecting the exact matching between the user and the content for evaluation
purposes. This configuration can be considered as an intermediate step between the
registered and the unregistered cases.

Figure 7.3: Tasks in the registered case with a random mismatch

7.1.4 Experimental procedure

The subjects were members of the Tokyo Institute of Technology, affiliated to the Ya-
maguchi Masahiro laboratory. 11 users performed the experiment. All of them had
normal vision and no important visual problems that impaired them of seeing the 3D
visual reconstructions. The users came to the experiment room, and they were explained
that they would perform 3 kinds of tasks, each of them with 3 different versions, and 3
trials of each of them (a total of 27 trials, see Fig. 7.4). However, it was not disclosed
what was the difference between each of the cases and the experimenter let the users
find out by themselves. First, the experimenter himself performed the required tasks in
front of them in the registered version, and they were instructed to observe. Secondly,
the experimenter asked them to perform each of the tasks in the registered version as a
practice. Then, the actual experiment began with each of the 3 versions (unregistered,
registered and registered with random mismatch) of the 3 tasks (swipe, box grabbing and
circle tracing) randomized in order. It was indicated to the users that they could press a
button whenever they were ready to begin. The users performed each of the 9 version-
tasks 3 times each, and the average time of the 3 trials was obtained. After the 27 tasks
were completed, in order for the participants to fill the questionnaire, it was explained to
them that the versions where the hand and the interaction had an important mismatch
were the unregistered versions, while the versions where there was no mismatch or only
a low mismatch were the registered versions. The participants were required to fill a
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questionnaire that was used for elaborating the likert scale, where they would rate in a
scale from 0 to 4 the tasks that they had performed. The questions that were asked for
each of the tasks(screen unlock, box sorting and circle tracing) were:

1. How would you grade the naturalness of the interaction for: unregistered/registered
interaction?
→Very natural 0 1 2 3 4 Very unnatural

2. How would you grade the difficulty of the interaction for: unregistered/registered
interaction?
→Very natural 0 1 2 3 4 Very unnatural

3. How would you grade the fatigue of the interaction for: unregistered/registered
interaction?
→Very natural 0 1 2 3 4 Very unnatural

4. How would you grade the novelty of the interaction for: unregistered/registered
interaction?
→Very natural 0 1 2 3 4 Very unnatural

There was also a section where the participants could write their opinion about each of
the tasks, to obtain a better understanding of the user experience with this GUI. Some
pictures of the users performing the tests are depicted in Fig. 7.5.

7.2 Results

The TCT of the 3 trials of each task was averaged, to obtain 9 TCTs from each partic-
ipant (1 for each version of the 3 tasks). The average times for each case and each of
the tasks are depicted in Figs. 7.6,7.7 and 7.8.

It is noticeable that the unregistered task is the task with the highest TCT regardless
of the task. The difference between the registered task and the registered task with
a random mismatch if not as noticeable, but the registered version still has a small
advantage.

To test this results for statistical significance we performed an analysis of variance
(ANOVA) study. By having the mean TCTs of all the participants in the three GUI
conditions, we performed an ANOVA for each of the tasks. For each of the tasks, let
G = [1, ..., k] the k groups of the TCT for each condition. Let X be a TCT from any
of the three groups, and n the number of variables (number of available data through



100 CHAPTER 7. USER EVALUATION

Figure 7.4: Example of how the required tasks and their versions were shuffled to mini-
mize the learning effect among the participants

all groups). We first computed the mean sum of squares within groups as:

MSSw =

∑
g∈G(X − X̄g)

2

n− k
. (7.1)

In Eq. 7.1, the value X̄g represents the mean value of each group. Apart from this value,
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Figure 7.5: Users performing the tasks: Swipe task (a), box sorting task (b) and circle
tracing task (c)
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Figure 7.6: Completion time for the swipe task in each of its versions

Figure 7.7: Completion time for the box sorting task in each of its versions

Figure 7.8: Completion time for the circle tracing task in each of its versions

we require the mean sum of squares between groups, which can be computed as:

MSSb =

∑
g∈G ng(X̄g − X̄G)

2

k − 1
. (7.2)

In Eq. 7.2, the value X̄G represents the mean over all values of all k groups, while ng

is the number of variables in each group. The F statistic to test for the significance to
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reject the null hypothesis is computed as the ratio:

F =
MSSb

MSSw

(7.3)

In this case, the null hypothesis states that the mean values of the k groups are the
same (i.e., there is no significant difference between each of the configurations). If the
F statistic obtained is such that:

F > F(dfw,dfb). (7.4)

In Eq. 7.4, F(dfw,dfb) stands for the critical value of the F distribution with dfw being the
degrees of freedom in the denominator and dfb the degrees of freedom in the numerator.
They are defined as:

dfw = n− k

dfb = k − 1

The value of F(dfw,dfb) is also dependent on the significance level α, from where the p-
value is also calculated. In this case the number of degrees of freedom in the numerator
are dfb = 2 and in the denominator are dfw = 30. We set the value α = 0.05 The
obtained values of the ANOVA test are presented in Tab. 7.1.

Task F-value p-value
Swipe 1.748 0.1914
Box sorting 7.924 0.0018
Circle tracing 2.487 0.1001

Table 7.1: F-statistic and p-value for the three conditions of the three different tasks.

The graphs in Figs. 7.9,7.10 and 7.11 show the averaged values of the likert scores to
the questions for each task, described in section 7.1.4. The ’UR’ acronym stands for
the unregistered version while the ’R’ stands for the registered version. Apart from the
presented information, the subjective opinion on the user experience of each task was
collected and some comments are discussed in the next section. The computed p-values
shown in Tab. 7.1 show that the mean TCTs for each of the version of the box task
are not the same (p < α →rejection of null hypothesis). Therefore, to clarify what
version is different from the other, we perform a Bonferroni correction using the . The
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p-value of a T -test is computed for every set of TCTs of the box version (unregistered-
UR, registered-R and registered with a random displacement-R+Ran.). Since there are
kT = 3 tests, we obtain the Bonferroni-corrected α∗ = α/kT = 0.0167 and compare
with the p-values of each pairwise comparison. The result of the comparison of each
group are shown in Tab. 7.2.

Version p-value from T -test
UR vs R 0.0005
UR vs R+Ran. 0.0349
R vs R+Ran. 0.1700

Table 7.2: p-value from the T -test of pairwise comparisons to perform the Bonferroni
correction in the different versions of the box sorting task

It can be observed from Tab. 7.2 that the condition pT−test < α∗ is fulfilled for the com-
parison between the registered and the unregistered versions, therefore demonstrating a
statistical significance between these two versions.

Figure 7.9: Likert averaged scores for swipe task

7.3 Discussion

The results in general are positive towards the registered interaction when compared
to the unregistered interaction, although the gain depends on the performed task. We
discuss each of the tasks, along with the objective results (TCT change depending on
the configuration) and the subjective results.
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Figure 7.10: Likert averaged scores for box sorting task

Figure 7.11: Likert averaged scores for circle tracing task

7.3.1 Swipe task

In terms of the TCT, this task was overall the fastest for every user across the three
configurations. It is probably because this kind of gesture is very used, it is limited to a
movement in one dimension, and it is not intellectually demanding. The average TCT
for all the participants was in average shorter for the registered versions. However, the
ANOVA test failed to show any significant difference (p = 0.1914 > 0.10), probably
because of the small difference in the completion times along with the small size of the
sample group.

It was observed during the experiment that, when using the unregistered version of
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the program, the users would tend to hesitate if the system was responding to their
movement, what made them move slowly and therefore increase the TCT. Although, as
mentioned previously, it was not disclosed to the users what version they were using,
some comments to the experimenter while performing the test while using the registered
version were ’this version is smoother’ or ’this one feels better’. The subjective evaluation
also shows that this is the task the users felt more comfortable and where the system
felt more responsive. Some factors contributing to these opinions were the fact of the
relatively big touchable LF volume, where the user had a large volume to locate the
finger, and the limitation of a single axis movement.

7.3.2 Box sorting task

The TCT difference of each of the versions for this task was the highest across all
the participants. This test showed the highest significance in the ANOVA test (p =

0.0018 < 0.05),and the Bonferroni correction also showed that the comparison between
the registered and the unregistered versions was the most significant one, indicating
an important difference between the versions. The registered interaction proved to be
the one with the lowest TCT, confirming that the registration is helpful in a more
demanding task. One of the possible reasons of why this test represented the most
significant difference in the TCT is that this test required the combination of a gesture
with the spatial location of the user, requiring more focus by the user to match the cursor
and perform the gesture when using one of the unregistered versions. Another factor
was that this task, different to the other two, required to use a larger area of the screen.
When using the unregistered version, the users tend to extend the arm to trying to reach
to the goal located in the upper right position. Since they did not know how much they
needed to extend the arm due to the lack of registration, they might sometimes stretch
it out of the LM controller angle of view, therefore dropping the box and being required
to pick it up again. The failure of the sensor to recognize the grabbing gesture at times,
caused an extra difficulty that increased the TCT in the unregistered version.

Some observations during the execution of this experiment were the different ways the
users had for interacting with the LF reconstructions. There were participants that
turned their hand upside down to avoid touching the mirror that directs the light rays
to the HOE screen. It was noticed that the implemented criteria for detecting when a
user is grabbing an object (see section 6.2) tended to fail specially when the user tried
to grab the objects with both index and thumb fingers in separate planes of the y-axis
(see Fig. 7.12). This occlusion of the fingers made it challenging for the LM controller



7.3. DISCUSSION 107

to detect the user’s gesture, and the user failed to grab the reconstructed box, which
frustrated them and made them give a low score on easiness and no-fatigue categories.
There were times in which the user achieved to grab the LF object and moved it, but
the LM controller noisy readings provided data that indicated the user had dropped the
LF object, which in consequence stopped moving. The user then had to retry to grab
the object. This was specially the case when the user moved very fast, and some of
them adjusted their speed in the next trials to try to complete the task and trying not
to drop the LF objects.

The registered version appeared to be the least painful one, with users performing the
task more easily. In the unregistered version, the users moved more slowly trying to
match their movements to the movement of the LF. This made them invest a longer
time on completing this task. In doing so, due to the absence of registration, the users
moved their hands in excess, at times to a position outside the LM angle of view range,
dropping the LF reconstruction once more.

Some comments were that, although the registered version felt more natural, sometimes
the finger would obstruct the light that reconstructs the object, making it more difficult
to perform the task. The failure in recognizing the grab gesture also made them hesitate
about the depth at which the LF was reconstructed, since they located their hands at
the perceived depth but the recognition of the gesture made them think that was not
the right depth.

Figure 7.12: Illustration of the different ways the users employed to grab the recon-
structed boxes. (a) and (c) were still detected by the LM controller, but the gesture (b)
was more difficult to be correctly detected due to occlusion of the fingers.

7.3.3 Circle tracing task

This task, similar to the one involving the swipe gesture, presented less difference between
the unregistered and the registered versions in the TCT, although still the registered
versions showed a smaller TCT in average. The ANOVA test shows a value that falls
short from being significant (p = 0.1001 ≈ 0.1), indicating that the difference is still
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not significant with this number of participants but the tendency seems to benefit the
registered version. Since in this task all the movements are registered in the interaction
space by marking the trajectory followed, the HOE screen ended up full of trajectories
that were not intended to be the circle trajectory, what might probably decreased the
performance of the participants. Some of them stated that the sensor was too sensitive
to the movements of the finger. The users also noticed that moving the finger slowly
was better for controlling the trajectory of the marked path. During the experiment,
some participants mentioned that the registered version was more comfortable to use.
Finally, some of them stated that placing the finger on top of the trajectory made it
difficult to interact with the GUI, because then the user was not able to see what was
happening (see Fig. 7.13). This observation was also made with the box sorting task,
but interestingly it was not the case with the swiping task.

Figure 7.13: Illustration showing when a user blocks the light coming from the projector
with the finger. Depiction of the problem in the experimental setup (a) and during the
evaluation test (b). The shadow of the finger is circled in red.



Chapter 8

Conclusions

In this final chapter, we summarize the performed work and discuss the pending tasks
to achieve a 3D user interface that can provide a significant impact to the public. We
reflect on the benefits and the drawbacks of our proposed approach, outline the future
tasks and make some final remarks.

8.1 Summary

In this work, based on the previous work of our group where a LF display using HOEs
was recorded and a basic GUI based on scattered color light was proposed [68], both
hardware and software improvements were explored and implemented to increase the ro-
bustness of the interaction and generate content in real time to create a more interactive
GUI. This technique was merged with a commercial 3D tracking sensor specialized on
detecting the position of the different structures of the hand. Using this information,
we proposed a system where both scattered light detection and hand spatial information
were used to have an interface with registered gestures and LF generation in the position
of the finger of the user. The effectiveness of registering the position of the user was
evaluated by measuring the task-completion time (TCT) of a group of participants in
three different tasks, finding an important significance for the reduction of the TCT in
the task that required a relatively more complicated manipulation (i.e., grabbing and
moving). The other tracking-based tasks, although subjectively evaluated by the users
as easier to perform under a position-registered environment, did not show a significant
TCT reduction. However, a favorable tendency towards the registered versions of the
interface was statistically detected.

Software and hardware improvements to achieve an interactive GUI from the basic
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demonstration reported in [68] to the here presented system are:

• Increase of the accuracy of the projector look-up table by taking separate shots of
the projected binary patterns

• Real-time implementation of the undistortion function to locate the elementary
images in the correct HOE positions

• Proposal of two different ways to have interactive LF reconstructions by either
using the system’s CPU or GPU, achieving moving LF images in real time

• Modification of the structure of the HOE array from a single multiplexed pho-
topolymer sheet to three aligned RGB photopolymer layers to increase the diffrac-
tion efficiency of the screen

• Improvement of the finger detection and the color detection algorithms for them
to be used in bright environments. The compensation of the color of the skin of
the user to achieve a more robust signal was also proposed

• Proposal of a color-based algorithm to detect the movement and position of the
finger of a user using a single RGB camera

• Demonstrations of several 3D-GUIs using scattered light detection (e.g., screen
unlock, 3D object spinning, y-axis color based movement, sound volume, grab and
spinning of one cube, grab of several cubes, ATM interface and 3D free drawing)

• Proposal of a method to register the 3D content reconstructed by the LF display
with the position of the user by using scattered light detection and the LM sensor

• Development of methods to use the 3D tracking information to detect the gestures
of a user.

In chapter 4, we proposed for the first time the use of color detection in a LF display and
its combination with 2D tracking to detect the movement in 3D of a user interacting
with the content. The use of color information makes it possible to use a single RGB
camera to track in 3D the position of the user, and this idea can potentially be applied
to other scenarios where the number of sensors needs to be reduced.

Exploiting the techniques developed in chapter 4, the proposed registration method
using scattered light detection in chapter 5 provides, for the first time, a method to
systematically match the position of the user and the reconstruction of a LF image.
Methods proposed to this day to provide of interactive interfaces to LF displays have not
taken in consideration this problem, which is important to address to create a functional
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3D GUI. The development of 3D displays requires a method of this kind to improve the
human computer interaction (HCI), as shown by the evaluation test performed in this
study.

Finally, in the elementary techniques level, we have provided a new model to use RANSAC
2D and SVD to match the detected position, which is an alternative to the more unstable
version of the RANSAC 3D version. By using LF images reconstructed at the same depth,
a plane parallel to the HOE screen is estimated. The distance from this plane to the
position of the user, along with the 2D version of the RANSAC estimation, proved to be
a more practical alternative. This technique, combined with the detection of scattered
light to provide the required data, is the most important contribution of this work to the
development of a 3D touchable interface.

8.2 Future work

This topic is challenging since building an interface that gets adopted by the public
requires overcoming not only the quality of present GUIs, but also a number of cultural
or educational instances, because the public has already developed certain habits towards
2D interfaces and 2D GUIs. The quality of the images displayed by modern 2D GUIs
can have up to 4K-pixels resolution or even higher sometimes, what represents a very
high detail and image quality that makes the user feel comfortable. One of the biggest
challenges of 3D interfaces is that, to this day, that level of detail cannot be reached for
a 3D real image in real-time without using an extraordinary computational power.

In a world where internet and wireless communications are omnipresent, a successful
3D GUI would also require sending in real-time a good quality reconstruction of a 3D
image, what is an even more burdensome process than displaying a 3D reconstruction
accessible from on-site hardware. Since the transference of information can be realized
more efficiently (by several orders of magnitude) in 2D GUIs with the current network
bandwidth available, some technological breakthrough in the field of information pro-
cessing is required before 3D GUIs are able to have the same wireless capabilities the
current 2D GUIs have. This is why, in the author’s opinion, it is currently too early
to expect 3D GUIs and interactions very similar to real life to become widespread and
replace all the current technologies based on 2D displays.

However, there are many applications using 3D display and sensing technology that can
be achieved with the current computer power. Applications in 2D GUIs and interaction
in 3D can become complementary, maybe by using hybrid interfaces that harness both
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the benefits of 2D and 3D interfaces [56]. In that sense, it is important to explore
different kinds of interactions to confirm in which scenarios the 3D GUI can bring a
benefit to the public. That is the contribution of the present study, where by registering
the content with the position of the user and performing some tasks, we have been
able to confirm that content registration effectively decreases the time a user requires to
finish a task, specially when gestures and displacement through the available LF space
is needed. Registration allows for a more efficient use of the available detection space
than having the LM interaction volume separated from the content.

To this day, there are several demonstrations of the new company that owns the LM
technology, Ultraleap, mixing its interaction technology with the Looking Glass LF display
[77]. It is noticeable how many applications are depicted where gestures are used, but
they still rely on the paradigm of showing a cursor or the shape of a hand within the
screen, and not registering the content (see Fig. 8.1). In that sense, the demonstrated
interactions in this study and the effect of the registration can help to give more direction
to the development of a really effective 3D GUI.

Figure 8.1: Implemented gesture using the LM controller and the Looking Glass LF
display, where the user pinches a portrait and moves the nose of a person, implemented
by UX designer Albert Hwang. Source: [77]. Notice how the gesture and the interaction
are not registered.

Some drawbacks of the proposed GUI are that it requires a big space for the location
of the projector and collimation optics to produce an approximately-flat wavefront. We
also confirmed an important drawback during the user evaluation when users blocked
the reconstruction light while interacting with the LF objects (see Fig. 7.13), what
made this interface uncomfortable. The presence of the mirror at the bottom of the
screen, although implemented for the users to have an easier access to the interface,
also blocked the user from using the GUI freely. A better design, or even possibly a change
of the passive optical element that creates a LF (the HOE array) can be considered to
increase the easiness of use and preserve the transparency and potential of application
in augmented reality.

Although some complaints from the users included a wrong identification of the per-
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formed gestures and faulty tracking, these problems can probably be solved by improv-
ing the gesture recognition through artificial intelligence (AI) strategies, as well as using
more updated versions of the LM commercial program which reportedly has a better
accuracy while tracking a user (software compatibility problems held us back from using
the latest controller version). Software development tasks are required to explore the
capabilities of this interactive 3D GUI. Something similar can be said about the color
detection, which could include a more in-line and dynamic approach to detect the dif-
ferent tones of skin of the user, the different illuminations of the environment sampled
at regular intervals, and also AI algorithms to better sample the scattered light.

Finally, it should be said that we can propose and develop the design of several kinds of
interaction (grabbing, deforming, spinning, throwing, etc.), implement them and refine
them. However, what will be the purpose of implementing any given gesture if there
will be no significant application that can be improved out of it? Collaboration with
professionals of different areas (e.g., architects, biologists, chemists, designers, artists,
etc.) that can potentially take advantage from 3D GUIs and 3D interaction should be
actively pursued to find the right niches where this technology can be useful.

Development of 3D GUIs is the natural step from 2D interaction, which has proved
to be very beneficial to HCI and has improved what people can do with computers.
There is absolutely no reason to think 3D interaction will not be as beneficial for HCI
as 2D interaction has been. However, several tasks should still be addressed before that
happens.
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