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ABSTRACT
Augmented reality (AR) is an increasingly discussed topic with major research
efforts focused on industrial applications in the recent years. Recent developments in
ideas, software and hardware opened up new opportunities, and the applications of AR
for virtual assembly and disassembly have great potential. Compared to real world tasks,
virtual disassembly allows users to complete tasks with lower cost and without exposure
to environmental danger. The simulation of realistic real world interactions within a
virtual world therefore becomes an essential issue to solve. This research develops an
AR-based disassembly training system, which provides users with a natural user interface
that allows them to manipulate objects using their bare hands, without additional worn or
handheld devices on their hands. Multiple coordinate systems are unified, the issue of
creating and updating the dynamic coordinate transform between that of the Oculus Rift,
Leap Motion, RGB camera, and the AR marker which represents the real world is solved.
To resolve issues with occlusion and increase the immersion and perceived realism of the
system, an innovative occlusion approach proposed to minimize computational load. A
flexible physics-based disassembly system is implemented to handle part disassembly.
The physical tools can be used in the system. User test results show that the system was
robust and successful in improving user experience in virtual disassembly.

Keywords: Augmented Reality, Disassembly Training, Physics-based Disassembly,
Natural User Interface, Occlusion.
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Chapter 1

Introduction

This chapter covers the background, motivation and objective of this research.

1.1

Research Background
AR meshes together the real world and virtual world, allowing the real and virtual

objects to interact with each other. The major advantage of the AR technology is that it
can provide virtual content directly to users and allow various types of interaction in the
physical world. By displaying virtual objects in real time to users can help them easily
understand various type of information and perform real world tasks. Due to the
advantages, AR research in many fields such as medical, entertainment, education,
military, engineering design, and manufacturing have been explored. However, there are
still some problems need to be solved in the AR system such as occlusion and hand
tracking. Occlusion problem significantly affects users’ ability to judge the relative
position of the virtual objects to the real world and has negative effects on user’s feeling
and decision making. Inaccurate hand tracking could cause error and difficulty in
manipulating virtual objects. Compared to a complete virtual environment, AR may be
thought of as a middle ground between real world and virtual world.
In the field of manufacturing, disassembly planning and training are important
components. A product may need to be partially or fully disassembled when executing
routine maintenance or repair. In many cases, components can be reused or recycled, so
a product disassembly process is required. As a result, the simulation of disassembly
operation can contribute to manufacturing enhancement such as assisting product design,
planning disassembly sequence, and training workers for better operation in the real world.
However, the real industrial environment could be dangerous or unapproachable, and
realizing a physical mockup requires huge amounts of cost, time, and resources. These
1
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considerations lead to the suggestion of using virtual reality (VR) or AR technology that
could remove the need of physical mockups in the operating process.

1.2

Research Motivation
This research is motivated by the lack of a combination of disassembly training and

AR technology in the current research. Although there are many studies using AR
technology to project disassembly instructions onto goggles to guide workers to
disassemble physical products, very little research has been done on using users’ physical
hands to disassemble virtual products. Recent technology has opened up new
opportunities for research concerning AR and natural user interface (NUI). New tracking
hardware, such as Leap Motion and Kinect provide a new method of human-computer
interaction. The release of game engines that integrate physics and graphics engines such
as Unity 3D, head mounted displays (HMDs) that provide immersive environment for the
users like Oculus Rift, and accurate collision detectors like Concave Collider, AR engines
like Vuforia, and the improvements in software technology reduce the requirements and
complexity to create AR systems.
However, there is not yet a fully integrated system that applies all the newly
developed technology to disassembly training. In the prior research, the methods for users
to interact with virtual objects are often not similar to the methods in the real world,
lacking a NUI. Occlusion handling can improve the realism of AR, so combining both
occlusion handling and NUI is an important part of our research. Therefore, AR
environment creation, NUI design, occlusion handling, disassembly training, and humancomputer interaction are all issues that require further investigations to create a realistic
AR application.
2
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1.3

Research Aim
The research aims to develop an AR based disassembly training system and that after

training through our system, users are able to familiarize with and memorize the
dissembling sequence easily and more importantly to improve the dissembling
performance in the real world. An intuitive NUI is created, users can use their bare hands
directly to interact with virtual objects and complete disassembly tasks. To provide an
immersive scene for the users, an HMD is used. The issue of real and virtual object
occlusion is to be addressed and solved. The usability and functionality of the developed
system are to be verified through user testing.

3
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Chapter 2

Literature Review

This chapter provides a review of existing research and literatures related to the
current study. Section 2.1 focuses on the definition, potential use and issues of AR and
disassembly. Section 2.2 discusses two kinds of interaction interfaces used for AR
disassembly system. Section 2.3 covers physics-based and constraint-based modeling in
VR and AR system. Section 2.4 provides a comparison between the systems of the prior
research and the proposed system in this research.

2.1

Augmented Reality
AR is a technology which combines virtual objects with a real scene captured from

the camera using computer graphic rendering technology. Azuma (1997) defined AR as:
"Augmented reality is a variation of virtual environments (VE), or virtual reality as
is it more commonly called. VE technologies completely immerse a user inside a
synthetic environment. While immersed, the user cannot see the real world around him.
In contrast, AR allows the use to see the real world, with virtual objects super-imposed
upon or composited with the real world."

Figure 2.1

Real desk with a virtual lamp and two virtual chairs

(Azuma, 1997)

4
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The definition implies a combination of the virtual world and the real world. With
AR technology, two domains of objects are combined, allowing users to perceive both
the real and the virtual objects within the same context. Azuma defines three terms for a
system to fulfill to qualify as an AR system: combines real and virtual, is interactive in
real time, and is registered in three dimensions. As shown in Figure 2.1, the virtual objects
and the real world have to be set in a proper scale and to be put in the right place with
correct occlusion in real time.
Many AR applications allow hand-based interaction with the augmented content.
Regenbrecht et al. (2013) presented an AR interface approach. The system setup is shown
in Figure 2.2. The Leap Motion Controller is used to track the user’s fingers while a fixed
webcam is used to provide an augmented view.

Figure 2.2

An AR interface

(Regenbrecht et al., 2013)

The main concept of this system is “VoxelAR”. The method generates finger voxels
which can be used for occlusion and interaction as shown in Figure 2.3. However, the
number of voxels which can be processed with interactive framerates is a main limiting
factor. That is, with the desired number of thousands of voxels would make the framerate
very slow.

5
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Figure 2.3

Non-user’s 3D view with annotation

(Regenbrecht et al., 2013)

The study concludes that combining 2D video-based AR with a partial voxel model
is a novel approach that allows for correct mutual occlusions and interactions with virtual
objects at the same time.
Jiménez (2014) presented a gestured-based interaction approach in AR environment
using the Leap Motion device. The system setup is shown in Figure 2.4, the tabletop keeps
the marker from the Vuforia SDK and the Leap Motion sensor in the center at the same
height level with the aim of preserve the same origin. The webcam stands at the top of
the table pointing its field of view towards the marker in order to encompass the upper
space of the tabletop. The research concludes that the Leap Motion’s technology is very
promising in the sense that it has a potential for wide range of applications for VR and
AR environments.

Figure 2.4

System setup of Jiménez (2014)
6
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Kim and Lee (2016) proposed a gestured-based assembly system in mobile AR
environment. The research used the screen touch-based gesture for the virtual object
selection and hand gestures for the object manipulation in mobile devices. The system
setup is shown in Figure 2.5, the Leap Motion is used to recognize user’s hand gestures.
The disadvantage of the system is that using handheld devices can only support one hand
manipulation since the other hand should hold the device.

Figure 2.5

System setup of Kim and Lee (2016)

The results of the above researches showed that combine the Leap Motion device
with AR is useful for virtual modelling and prototyping. However, there are still some
limitations needed to be overcome. Firstly, the occlusion handling problem is not
considered in those systems. Secondly, using a desktop screen or a tablet cannot achieve
the immersive AR environment which is fundamental and can improve user experience.
Lastly, gesture-based interaction is much less intuitive and realistic than physics-based
interaction.
Shim et al. (2016) proposed a gesture-based AR authoring system. The system
provides an immersive AR environment with a HMD and recognizes users’ gestures via
an RGB-D camera. The system setup is shown in Figure 2.6. The user wears the Oculus
Rift DK1 and interacts with the virtual objects by a touchable area interface. The RGB-D
7
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camera was used to detect user’s hand position and recognize user’s hand gesture through
image processing. The results of the research show that interacting with the virtual objects
in the immersive HMD environment is easier and more realistic than in the fixed-monitor
environment such as screen or tablet. The drawback of the research is that the image
process for hand recognition is time-consuming and cannot achieve real-time with high
resolution. This can be solved by using the Leap Motion device to track hands.

Figure 2.6

System setup of Shim et al. (2016)

Khattak et al. (2014) presented a framework for the interaction with virtual objects
in AR environment. The system setup consists of a Creative RGB-D camera, Oculus Rift
HMD, Leap Motion hands and fingers tracker and an AR marker as shown in Figure 2.7.
The Leap Motion is used to track user’s hands while the AR marker is used to determine
the location of the Leap Motion device to help with consolidation of transformations
between the Oculus and the Leap Motion. The RGB-D camera is used to calculate Leap
Motion’s position based on AR marker associated with it and to capture both static and
dynamic parts of the scene – table top without the user present, and user’s hands if
available in the frame. A rendered scene consists of the static scene (table and Leap
Motion), dynamic scene (user’s arms and hands), and a virtual object to manipulate. The
reconstructed environment is rendered by the Oculus Rift with respect to user’s head
position and orientation.
8

doi:10.6342/NTU201600717

Figure 2.7

System setup of Khattak et al. (2014)

The disadvantages of the research are as follows. Firstly, the Leap Motion is fixed,
hence the interaction space is limited and the system cannot be portable. Secondly, when
the RGB-D camera lose sight of the marker the occlusion handling approach proposed by
this research will fail results in user’s hands to be disappeared or displayed in a wrong
place. Thirdly, in order not to lose sight of the marker, users have to maintain a settled
posture which is sitting at approximately half an arm’s length from the Leap Motion
Controller. Lastly, image process for reconstructing the augmented rendering is timeconsuming and it needs lots of computing resources. As a result, it may not achieve realtime with higher resolution.
Due to the collaboration of Leap Motion and Oculus Rift, the Leap Motion can be
mounted on Oculus Rift easily. Wren (2016) proposed a rainbow jelly AR demo as shown
in Figure 2.8. The users can interact with jelly fish using their bare hands in an AR
environment. However, the Leap Motion only has IR cameras causes the image of the
real world is grayscale, which decrease the user experience.

9
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Figure 2.8

User interact with jelly fish Wren (2016)

In this research, we combine Leap Motion, Oculus Rift and RGB camera to create
an immersive AR system with correct occlusion handling and physics-based interaction.
The users can interact with virtual objects in an intuitive and realistic way without
learning and memorizing the meaning of the gestures. The occlusion problem is solved
without having heavy computational load. Through mounting Leap Motion and RGB
camera to Oculsu Rift, our system is cheap and is modified to be portable.

2.2

Disassembly Training
Assembly and disassembly training is a popular research topic. Considering product

maintainability is a very important component in product design. It comprises two
integral tasks, disassembly sequence planning and disassembly operation (Li et al., 2003).
Both disassembly planning and operations require a high degree of technical skill,
knowledge and experience. The planning of disassembly involves multiple objectives and
considerations including disassembly time, cost, and potential for damage. Therefore,
considering disassembly processes early in the product design provides opportunities to
evaluate and explore the most efficient methods of disassembly leading to improved
designs (Berg et al., 2015). On the other hand, disassembly operations often involve
difficult steps, complex systems and safety issues such as dangerous environment or
10
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components. In order to improve the quality and reliability of the operations and protect
the safety of the operators, special training is needed. However, the creation of physical
prototypes is very costly and time consuming. Removing the need of physical mock-ups
could improve production efficiency and reduce cost in product development. This leads
to the suggestion of using VR and AR technology for disassembly simulation and training.
Hou and Wang (2013) conducted a study on comparing assembly training via an AR
environment and a virtual 3D manual. The results show that users who were trained using
AR were able to achieve better performance and more effective outcomes including lower
task completion time and less error. AR offers the possibility of displaying assembly
information from the operator’s view point according to the situation. This helps speed
assembly operations with real-time instructions guided step by step (Mendívil et al., 2013).
Westerfield et al. (2014) presented an assembly training system in AR as shown in
Figure 2.9. Figure 2.9 (a) shows the user wearing a see-through HMD to assemble a TV
tuner. By attaching a camera to the HMD device, the user can see virtual models
superimposed on the physical world. Figure 2.9 (b) shows the first person view of the
user. The instructions include blue texts on top of the screen guiding the user about the
next assembly step and a virtual model showing where the real object should be inserted.
Markers are placed in the real parts to enable tracking and identifying the position and
orientations of the system. By comparing the position and orientation of the physical
installed parts with the predetermined correct position and orientation, the system is able
to identify whether or not a part was correctly installed, so that it can proceed to the next
step, or to display a warning message. User testing shows that the AR system improved
the task performance time by 30%, compared to a training system without AR support.
Therefore, the study concludes that adding intelligent AR tutorial can significantly
improve the learning outcome over traditional training.
11

doi:10.6342/NTU201600717

(a)
Figure 2.9

(b)

AR-based assembly training system

(Westerfield et al., 2014)

Aleotti and Caselli (2011) presented a desktop VR system for interactive assembly
operations and automatic disassembly planning. The system uses a data glove and a
motion tracker for tracking human hand motion and driving a simulated virtual hand to
support virtual grasping. A computational method for planning disassembly tasks is
proposed which relies on physics-based animation and precedence relations between
subassemblies.
Berg et al. (2015) presented a virtual disassembly system with disassembly graph.
The system is showed in Figure 2.10. A Nintendo Wii Remote is used as a metaphor for
a hand or tool for users to manipulate the components of the assembly. The position and
orientation of the user’s head and hand are tracked using an optical tracking system
equipped with four infrared cameras. Graph visualizations used in this system consist of
disassembly states (nodes) and disassembly operations (edges). The red glyph implies the
current disassembly state while the yellow cylinder linking two disassembly state
indicates a path that has already been traversed.

12
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Figure 2.10

A user interacting with the geometry and the disassembly graph

(Berg

et al., 2015)
The study concludes that the coupling of natural human-centric 3D interaction with
abstract data visualization holds strong potential for aiding early design decision making.
Users indicated that coloring the component helped differentiate subassemblies; however,
they would like a stronger relationship between the graph and the virtual product.
Sportillo et al. (2015) presented a virtual environment for disassembly and assembly
training with the predefined sequence. The system layout is shown in Figure 2.11. Inside
the red circles are the OptiTrack cameras. The finger thimbles are shown in the dark green
circle, and the HMD with optical markers and mounted 3D camera are shown in the blue
circle. An example of what the user can see is in the light green area. Optical markers are
used for positional head tracking, and an HMD is used for visual feedback. Colored
thimbles (blue and green) placed on the thumb and the 3D camera mounted on top of the
HMD is used for hands position tracking and real-time 3D capturing of the hands.

13
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Figure 2.11

System layout of Sportillo et al. (2015)

The paper designed an application consists of two modes of operation: the authoring
mode and the training mode. The authoring mode is intended to be performed only once
by an expert who has a deep understanding of the machine. During the operation, the
expert defines the sequences of assembly or disassembly steps which would be used in
the training mode. By following the specific sequence, operators could perform assembly
or disassembly operations in the training mode. For disassembly training, operators could
only move the parts that must be actually moved inside that step. While for assembly
training, constraint-based logic is used. When parts come into contact inside the
designated region of the target, they are automatically snapped to the correct position. In
this research, a pilot study was conducted. Based on the results, the paper concludes that
disassembly or assembly training in a constraint-based VR environment has the potential
to constitute a valid alternative to a more traditional training approach.

14
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2.3

Interaction Interfaces
To interact with the virtual objects, the users would need an interaction interface.

The indirect interaction interface is more precise and easy to use but less real, whereas
the direct interaction interface is more natural and close to the real world but more
difficult to implement. This section will review the definition and methods of the two
kinds of interaction interfaces.
Indirect interaction interface allows the users to interact with virtual objects by
holding an intermediary device such as a remote controller or a stylus. The tracking data
of the user is obtained directly through the device. Wii Remote is a one-handed controller
for Nintendo's Wii console (http://www.nintendo.com/wiiu/accessories). A Wii Remote
is shown in Figure 2.12. The device has the ability to sense acceleration along three axes
and to determine where the Wii Remote is pointing. This motion sensing capability allows
the users to interact with the virtual objects on the screen via gesture recognition and
pointing. Berg et al. (2015) used a tracked Wii Remote as a metaphor for a hand or a tool
in the virtual disassembly system.

Figure 2.12

Wii Remote®
15
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Phantom Omni is a haptic device developed by Sensable Technology
(http://www.dentsable.com/haptic-phantom-omni.htm), as shown in Figure 2.13. It is a
6DOF tracking device, with an active workspace of 1.60m x1.20m x 0.70m, at 450dpi
(~0.055mm) position resolution. The device allows users to touch and manipulate virtual
objects; therefore, it is a popular solution for implementing VR/AR systems with haptic
feedback.

Figure 2.13

Phantom Omni® haptic device

Gonzalez-Badillo et al. (2014) presented a virtual assembly system. The study
intends to develop a virtual assembly system with four main applications: path planning
and optimization for robot or human assembly tasks, design for assembly analysis,
maintenance analysis and evaluation, and assembly training. Two Phantom devices were
used to track user’s hands and provide force feedback, as shown in Figure 2.14. The user
recognizes and manipulates virtual objects through the Phantom devices. In order to
validate the system functionality, a set of experiments was carried out by several users.
The research concludes that the Phantom device is effective and functional to perform
haptic virtual assembly process, but users negatively reflected upon the lack of DOF and
contact points. The users indicated that they feel the Phantom device is not sufficient to
accurately model the detailed parts of hand movement such as gestures.

16
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Figure 2.14

Dual Phantom assembly system

(Gonzalez-Badillo et al., 2014)

Direct interaction interfaces allow users to manipulate virtual objects with their real
hands. The method of tracking may be via worn devices such as data gloves, or may be
through image processing of the camera images, or tracking devices such as Kinect and
Leap Motion.
Hand tracking and gesture recognition by the method of image processing and
recognition is a highly studied subject. Sportillo et al. (2015) used colored marker placed
on the thumb and the index fingers to track hand position, as shown in Figure 2.15.

Figure 2.15

The interaction system which consists of two colored markers
(Sportillo et al., 2015)
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Simple color filtering is used in order to identify which pixels of the RGB image
matches the marker colors. The algorithm also uses the depth map data in order to
efficiently pre-cull away those pixels that are too far to be part of the user’s hands. A
grasp gesture is detected by the application every time the distance between the two
fingers is less than few centimeters.
CyberTouch (http://www.cyberglovesystems.com/cybertouch/) is a data glove with
tactile feedback as shown in Figure 2.16. It has small vibrotactile stimulators on each
finger and the palm of the glove. When a finger touches an object in VR, the individual
finger of the glove can vibrate. The data glove is often used in a VR environment to
capture user’s hand motion data.

Figure 2.16

CyberTouch® data glove

Qiu et al. (2013) presented a virtual human model integrated into a VR environment
for assembly and disassembly operations. Data gloves are used to drive virtual hands and
a helmet is used to feedback virtual scene to the real operator. Users can control the virtual
hand to grasp and release virtual objects naturally, realizing the simulations of assembly
and disassembly operation.
Kinect is a motion sensing device developed by Microsoft for Xbox 360 and Xbox
One video game consoles and Windows PCs (http://www.xbox.com/en-US/xbox18
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one/accessories/kinect), as shown in Figure 2.17. The device include a RGB camera, an
infrared projector, one infrared camera and multi-array microphone running proprietary
software which provide full-body 3D motion capture, facial recognition and voice
recognition capabilities. The effective range is 1.2 m - 3.5 m, translating into roughly 6m2
of operational area. The sensor's field of view is 57° horizontally, and 43° vertically. The
device dimensions is 18.3cm x 30.5cm x 29.2cm, and weighs 4.94kg.

Figure 2.17

The Microsoft Kinect 2.0

The disadvantage of using Kinect for hand tracking is that it can only detect three
joints (thumb tip, hand tip, and palm) instead of individual fingers, and the user's hand
must remain at least 1.2m away from the device. A Kinect-based hand tracking system
will require sufficient space to keep at least 1.2m distance between the device and the
user's hand, in addition to the space required for the user's hand to perform operations
(Suarez and Murphy, 2012).
Leap Motion Controller is a hand tracking device using infrared cameras developed
by Leap Motion, Inc. (https://www.leapmotion.com/). It is 76.2mm x 30.5mm x 12.7mm
in size and 45g in weight as shown in Figure 2.18. The device has an effective tracking
range of 25 to 600 millimeters with a 150° field of view and is equipped with three
infrared LEDs to emit 850 nm wavelength infrared light and two stereo infrared cameras
19
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to capture the reflected data. The device observes a roughly 8 cubic feet of hemispherical
area. The Leap Motion Controller sends the data through a USB cable to the computer.
The Leap Motion API allows developers to get hand position, gesture data, and hand
motion.

Figure 2.18

Leap Motion Controller

Guna et al. (2014) performed a set measurements with different numbers of tracking
objects and configurations in a professional, high-precision, fast motion tracking system
to evaluate the performance of the Leap Motion Controller. Two types of measurements
were performed within the experiment: static condition to measure the acquisition of a
limited number of static points in space; dynamic condition to measure the tracking of
moving objects with constant inter-object distance within the calibrated space. The study
concludes that the Leap Motion Controller undoubtedly represents a revolutionary input
device for gesture-based human-computer interaction due to its accurate and reliability of
tracking hands. In a limited space and with a limited number of objects, the controller is
evaluated as a possible replacement for a fast and high-precision optical motion capture
system.
20
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Penelle and Debeir (2014) promoted the fusion of data acquired by both Leap Motion
and Kinect sensors to improve hand tracking performances. The system setup is shown
in Figure 2.19. The research generated a 3D image of the user in the form of a textured
mesh from the depth and color images acquired by the Kinect. At the same time, the Leap
Motion directly provides information on the location of the user's hand and fingers. The
research indicated that the combination of the two sensors greatly improves the ability of
the user to interact with virtual objects with his hands and fingertips.

Figure 2.19

System setup of Leap Motion and Kinect in front of the user (Penelle
and Debeir, 2014)

2.4

Constraint-based and Physics-based Modeling
There are two types of interact logic for virtual objects: constraint-based modeling

and physics-based modeling. When two objects come into contact with each other, the
governing logic will determine the necessary conditions and the subsequent events.
Constraint-based modeling uses predefined geometric constraint to determine
relationships between parts. Once constraints are defined and applied, a constraint solver
computes the resulting motion and position of the objects. On the other hand, physics21
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based modeling implies that object motions are governed by the laws of physics, which
leads to physically realistic animation. To simulate physical constraint for parts, collision
detection method is used. In general, while constraint-based approaches provide
capabilities for precise part positioning in VEs; physics-based approaches enable virtual
mockups to behave as their physical counterparts (Seth et al., 2011).
Yang et al. (2007) presented a constraint-based virtual assembly system. The system
includes three main processes: component grasping, moving, and releasing. Grasping and
releasing are mainly about the constraint between the grasped objects and the virtual hand,
while the movements of the component are determined by constraint capturing,
recognition, confirmation and movement navigation based on constraint. A list of
constraints represented by a list of the degree of freedom is predefined and loaded into
the assembly system. When two models’ positions and orientations are within a given
value, a constraint recognition process is triggered to check and recognize geometric
constraints between the models. If the user confirms the captured constraint, the position
and orientation of the models would be adjusted automatically according to the constraint
type. An assembly example of the system is shown in Figure 2.20.

Figure 2.20

The virtual assembly process of a rotary cone crusher: (a) constraint
22
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recognition; (b) constraint recognition in motion navigation; (c) constraint confirmation
in motion navigation; (d) constraint recognition; (e) constraint recognition in motion
navigation; (f) constraint recognition and confirmation in multi-constraints navigation
(Yang et al., 2007)
In the system presented by Aleotti and Caselli (2011), the concept of physics-based
modeling is applied to the problem of learning task precedence graphs and planning
disassembly sequences. A task precedence graph is learned from multiple demonstrations
performed by the users. During demonstration, the interaction information between
simulated objects is used to find out task precedences and to identify similar tasks. The
examples of tasks performed in the system are shown in Figure 2.21. For disassembly
planning, physical simulation is used to compute all the physically stable subassembly
configurations and form disassembly sequences.

Figure 2.21

Three examples of the physic based virtual environments. Manipulation

of a non-convex object (top left), constrained tool handling (top right) and ballistic
motion (bottom) (Aleotti and Caselli, 2011)
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Gonzalez-Badillo et al. (2014) demonstrated a physics and constraint-based
assembly system. The research states that the physics-based modeling system resulting in
a physics behavior similar to the real world; however, it has high computational cost,
especially when dealing with non-convex objects. As a result, two types of dynamic
assembly constraints, cylindrical and planar constraints, had been implemented in the
system to improve the performance of the virtual assembly. Figure 2.22 shows the physics
based assembly in action and Figure 2.23 shows the constraint-based operation.

Figure 2.22

Figure 2.23

2.5

Physics-based modeling operation

Constraint-based modeling operation

(Gonzalez-Badillo et al., 2014)

(Gonzalez-Badillo et al., 2014)

Occlusion
Since AR applications involve interactions between real world and virtual world

objects, occlusion problem is a major issue. Without a suitable occlusion-sensitive virtual
object rendering procedure, the virtual object will be drawn at the last drawing cycle and
24
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appear on the top layer of the end image. This incorrect placement may confuse the user
to assume that the virtual object is in front of the real world objects regardless of its actual
position.
De Pra et al. (2014) created a virtual piano keyboard that allows users to interact
with the keys using their physical hands. However, the research did not solve the
occlusion problem, created a confusing visual effect to the user. As shown in Figure 2.24,
the users’ real fingers were occluded by the virtual piano, making the users feel that their
fingers were beneath the piano keys.

Figure 2.24

Virtual piano system

(De Pra et al., 2014)

Implementation of mutual occlusion between the real and virtual objects positively
enhances the user's objective experience (Cakmakci et al., 2004; Zhou et al., 2007).
Solving the occlusion problem accurately in AR is challenging because the information
about the real world objects such as position, orientation, size and shape is required.
Current approaches mostly use active emitters, such as Kinect or stereo vision with depthcalculation algorithms.
Leal-Meléndrez et al. (2013) presented a strategy based on the Kinect sensor to
solve the occlusion problem. The research obtained an improved depth map from Kinect
that evaluated distances between real and virtual objects. As shown in Figure 2.25, the
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proposed method can handle partial occlusion of deformable virtual objects and occlusion
between multiple virtual objects and the real objects (occlusive and occluded).

Figure 2.25

Occlusion of multiple and deformable virtual objects based on Kinect
(Leal-Meléndrez et al., 2013)

Lin (2013) proposed a method to solve the occlusion problem based on stereo vision.
The workflow is shown in Figure 2.26: (a) Obtain the disparity map from the stereo
camera; (b) Search a rough position of the contour for occlusion; (c) Capture the accurate
occlusion pixels via the Grabcut algorithm; (d) Obtain the correct occlusion result. Due
to the stereo matching to obtain the disparity map, this method requires more computation
time and cannot deal with partial occlusion problem.

(a)

(b)

(c)

Figure 2.26

(d)

The occlusion solving method proposed by Lin (2013)
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Occlusion with a mono-camera setup is possible, but solutions require direct user
interaction or significant computational overhead, which makes them impractical for realtime usage (Lepetit and Berger, 2000). Sanches et al. (2012) presented a method to
provide mutual occlusion between real and virtual objects based on markers. As shown
in Figure 2.27, the approach for making real objects appear in front of virtual objects is:
(a) Original image with fiducial markers; (b) Virtual object is generated in foreground; (c)
A mask containing the pixels belonging to the virtual object in the foreground is generated;
(d) The occluded real object is extracted according to the mask; (e) The extracted part of
the real object is overlaid back onto the original image, covering the virtual object; (f)
Virtual object that is in front of the real object is drawn normally.

Figure 2.27

Approach for making real objects appear in front of virtual objects
(Sanches et al., 2012)

The method presented by Sanches et al. (2012) allows the generation of the AR
environments which support mutual occlusion between real and virtual layers by
combining a method for foreground extraction and framebuffer operations. However,
there is an issue lies in the mask-extraction in step (d) of Figure 2.27. Using only monocamera to achieve stereo effects without the support of other external devices for
extraction of arbitrary objects is computationally expensive. For real-time applications, a
very low resolution of camera image has to be used.
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2.6

Comparison of Prior Research and the Proposed
Research
The purpose of this research is to create a realistic AR-based disassembly training

system, which includes five major features: AR-based disassembly, natural user interface,
physics-based modeling, occlusion, and immersive rendering. As shown in Table 2.1,
although there are many studies using AR technology to project disassembly instructions
onto goggles to guide workers to disassemble physical products, very little research has
been done on using users’ physical hands to disassemble virtual products. This research
develops an AR-based disassembly training system, which provides users with a natural
user interface that allows them to manipulate objects using their bare hands, without
additional worn or handheld devices on their hands.
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Table 2.1 Comparison between prior research and our presented research.
Research

VR/AR

Interaction Real hand / Real object / Tracking
Interface Virtual hand Virtual object Method

Our system

AR

Hands

Real hand

Kim and Lee
(2016)

AR

Hands

Virtual hand Virtual object Leap Motion

Shim et al. (2016) AR

Hands

Real hand

Wren (2016)

Hands

Virtual hand Virtual object Leap Motion

None

Berg et al. (2015) VR

Wii
Remote

None

Virtual object IR Camera

Disassembly
None
(Constraint Based)

Immersive
Projection
Screen

Sportillo et al.
(2015)

VR

Hands

Real hand

Virtual object

3D Camera,
Optical marker

Disassembly,
Assembly
None
(Constraint Based)

HMD

De Pra et al.
(2014))

AR

Hands

Real hand

Virtual object

Leap Motion,
Ultrasound

None

Tablet

Gonzalez-Badillo
VR
et al. (2014)

Phantom

Virtual hand Virtual object Phantom

Assembly
(Constraint Based, None
Physics Based)

Computer
Screen

Jiménez (2014)

AR

Hands

Virtual hand Virtual object Leap Motion

None

Computer
Screen

AR

Hands

Real hand

Virtual object Leap Motion

None

AR

Hands

None

None

AR

Hands

Real hand

AR

Body

AR

None

Khattak et al.
(2014)
Penelle and
Debeir (2014)
Westerfield et al.
(2014)
Leal-Meléndrez et
al. (2013)
Lin (2013)

AR

Regenbrecht et al.
AR
(2013)

Hands

Qiu et al. (2013)

VR

Hands

Sanches et al.
(2012)

AR

None

Aleotti and Caselli
VR
(2011)

Hands

Virtual object

Leap Motion,
Oculus Rift

Disassembly /
Assembly
Disassembly
None

Virtual object RGB-D camera None

Leap Motion,
Kinect
Webcam,
ARToolKit

None

Occlusion Display
Mutual, for
hands and
tools
Mutual, for
hands
None
Mutual, for
hands

None

None

Tablet
Computer
HMD
HMD

Mutual, for
HMD
hands
Mutual, for Computer
hands
Screen

Assembly
None
(Constraint Based)
Mutual, all
Real hand
Virtual object Kinect
None
objects
Mutual, all
None
None
Stereo cameras None
objects
Mutual, for
Real hand
Virtual object Leap Motion
None
hands
Disassembly,
Virtual hand Virtual object Data Glove
Assembly
None
(Constraint Based)
Webcam,
Mutual, all
None
None
None
OpenCV
objects
Disassembly,
Virtual hand Virtual object Data Glove
Assembly
None
(Physics Based)
Real object

HMD

HMD
Computer
Screen
HMD
Computer
Screen
HMD
Computer
Screen
Computer
Screen
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Chapter 3

Immersive AR and Occlusion

This chapter covers the essential setup of the system presented in this research.
Section 3.1 briefly discusses the method, hardware and software used to establish the AR
environment. Section 3.2 discusses an approach to handle the occlusion problem. Section
3.3 covers the software architecture of our system.

3.1

Software and Hardware

3.1.1

Unity3D

Unity3D is a commercial cross-platform game engine developed by Unity
Technologies (http://unity3d.com/). It has a graphic rendering engine, physic engine
based on PhyX, and a robust GameObject object hierarchy system which allows users to
directly create references to other classes via a simple drag-and-drop interface. It supports
coding by C# and JavaScript, and C# external DLL plugins.

Figure 3.1

Unity3D Logo

The support of external DLL plugins makes Unity3D possible to use most of the
important libraries and APIs. Due to the partnership between Unity3D and major platform
holders or chip manufacturers including Microsoft, Sony, Qualcomm, Intel, Samsung,
Oculus VR and Nintendo, it is able to optimize the build options and keep the engine upto-date. The Leap Motion development team, the Vuforia AR development team and the
Oculus Rift development team are actively cooperating with the Unity3D development
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team to produce, improve and optimize their products for the Unity3D platform so that in
this research, Unity3D was chosen to create the virtual objects of the AR environment in
our system.
Unity3D has been updated to version 5.3.5. Due to the issues of backward
compatibility and reliability problems with the Leap Motion and Vuforia AR plugins,
Unity version 5.3.1f1 (32 bit) is used in this research.

3.1.2

Vuforia AR

Vuforia AR is an AR engine created by Qualcomm (http://www.vuforia.com/). It can
recognize and track a variety of 2D and 3D targets including markerless images, simple
3D objects such as boxes, and 3D multi-target configurations in real-time. In this research,
Vuforia SDK version 5.5.9 is implemented within Unity3D to create an AR environment.

Figure 3.2

Vuforia AR Logo

Compared to ARToolkit, Vuforia has several advantages. First, it can support color
markers while ARToolkit can only support monochrome markers. Second, it has built-in
integration with Unity3D, while ARToolkit requires additional wrappers and plugins to
run in Unity3D. Last but not least, it has better marker tracking stability than ARToolkit.
These advantages result in the choice of Vuforia rather than ARToolkit as the AR engine
for this research.

3.1.3

Concave Collider

Concave Collider is a component in Unity3D that enables complex and accurate
collision

detection

and

raycasts,

developed

by

Ultimate

Game

Tools
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(http://www.ultimategametools.com/). It can analyze objects’ meshes and automatically
generate and assign a set of convex meshes (hulls) to fit the object. This is done only once
at authoring time and takes just a few seconds. During disassembly process, to grab virtual
objects accurately is an important issue. Concave Collider version 1.24 is implemented
within Unity3D to improve the collision detection in this research.

Figure 3.3

Concave Collider Logo

In Unity3D, two mesh colliders cannot collide unless at least one of them is marked
as convex; otherwise, they would just penetrate into each other. This serious limitation
means that in order to get accurate collision detection between objects with all kinds of
shapes, we have to group multiple convex colliders together (boxes, spheres, or convex
meshes) for each object. Doing this process by hand takes a lot of time; however, the
Concave Collider deals with this problem with just one click. An example is shown in
Figure 3.4, it shows that the Concave Collider gets a more accurate result than the
standard convex mesh collider.

Figure 3.4

An example for Concave Collider
32

doi:10.6342/NTU201600717

3.1.4

Leap Motion

As presented in section 2.3, the Leap Motion Controller is a hand tracking device
that users can interact with virtual objects using their bare hands just like in the real world.
It was first designed to be placed on a physical desktop, facing upward. In 2014, a VR
tracking mode for its core software was launched, designed to provide hand tracking
while the device is mounted on VR headsets such as the Oculus Rift, as shown in Figure
3.5. Compare to Kinect, Leap Motion is smaller and cheaper. Although it does not cover
as large sensing area as Kinect, it can track all 10 fingers simultaneously. Moreover, the
setup and the combination with HMD is simpler than other interaction devices introduced
in section 2.3. Therefore, we chose Leap Motion as our interaction interface. In this
research, Leap Motion SDK version 4.0.2 is implemented within Unity3D to track user’s
hands.

Figure 3.5

3.1.5

Leap Motion mounted on Oculus Rift

Oculus Rift and RGB Camera

Oculus Rift is a VR HMD developed by Oculus VR (https://www.oculus.com/enus/). The Development Kit 2 (DK2) has a resolution of 960x1080 per eye, a 75Hz refresh
rate, a 360-degree positional head tracking, and a

100∘field of view (FOV). The

positional tracking is performed by a USB stationary IR sensor, which normally sits on
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the user's desk, allowing for using the Oculus Rift DK2 while sitting, standing, or walking
around the same room.

Figure 3.6

Oculus Rift DK2

There are several reasons why the Oculus Rift DK2 is a more suitable HMD compare
to other devices for immersive AR: it has a wide field of view depending on the user’s
interpupillary distance (IPD), it is light in weight at 440g, and its front-most surface is
about 6cm in front of the user’s eyes which is shorter than other HMDs so that RGB
camera can be mounted at a relatively small offset.
The job of the camera in an HMD video-see-through AR system is to capture the
real world from the perspective of the user’s eyes. The real-time video is processed and
augmented with virtual graphical objects before it is displayed to the user. If the alignment
between the video image and the tracking coordinate system is inaccurate, the user
experience in the immersive AR would be unpleasant. Thus, the camera requirements
should be defined according to the specification of the HMD. The following list is some
key requirements for a camera to be suitable for use with the Oculus Rift DK2:
1. 1920x1080 pixel resolution since the Oculus Rift DK2 is 960x1080 per eye.
2. 100∘FOV lens close to the Oculus Rift DK2’s FOV given an average IPD.
3. 75Hz capture rate to match the Oculus Rift DK2’s refresh rate.
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To satisfy the above requirements, Genius WideCam F100 is used. It is a full HD
webcam with 120 degrees field of view, 1920x1080 resolution, and 30Hz capture rate as
shown in Figure 3.7. The specifications of the two devices are shown in Table 3.1.
Although the capture rate is not high, the resolution and FOV is ideal. 75Hz capture rate
is difficult for a consumer USB 2.0 camera at a high resolution. Cameras with higher
capture rate such as 60Hz usually have lower resolution and therefore they do not satisfy
the first two requirements. The human visual system can process 10 to 12 sequential
images per second and perceive them individually. Sequences at higher rates are
perceived as continuous motion. Thus, video captured in 30Hz gives no interlace artifacts
and is acceptable in general for human eyes.

Figure 3.7

WideCam F100

Table 3.1 Specification of Oculus Rift DK2 and Genius WideCam F100
Oculus Rift DK2

Genius WideCam F100

Resolution (pixel)

960 x 1080 per eye

1920 x 1080

Field of view

100∘

120∘

Capture rate (Hz)

75

30

USB port

USB 2.0

USB 2.0
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3.2

Occlusion Handling

3.2.1

Hand Representation

This section discusses the implementation of a representation for the user's hand
within the AR environment. In Leap Motion SDK, displaying hands requires one graphics
hand model and one physics hand model. The graphics hand model is used for 3D
presentation while the physics hand model is used for collision detection. As shown in
Figure 3.8, in a human hand, each finger has four bones, while the thumb has only three.
Based on this skeleton representation, for each bone, the Leap Motion SDK creates a
mesh for graphics and a collider for physics. Therefore, the users can interact with virtual
objects in Unity3D.

Figure 3.8

Human hand skeleton representation

As a result, the example hand prefabs from Leap Motion SDK includes two types of
hand models, CapsuleHand and RigidRoundHand to handle graphics hand model and
physics hand model respectively, as shown in Figure 3.9. The Leap Motion Controller
will detect user’s bone positions and orientation data and update the graphics hand model
and physics hand model simultaneously.
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CapsuleHand

RigidRoundHand

Figure 3.9

Sample hand models from Leap Motion

In this research, we want the hand models more similar to the human hands.
Therefore, we modified the sample CapsuleHand model to be a more realistic hand model
by thicken the bones and the thumbs, as shown in Figure 3.10. In addition, we create a
disc to fill the palm area because the real human hands do not have holes in the palm.

Figure 3.10

3.2.2

Modified hand models

Method

The typical approach for making real world elements appear in front of virtual
objects requires the extraction of the real world element from the image stream, which is
then inserted back on top of the image to appear in front of the virtual object (Sanches et
al., 2012). For our system, we proposed a more efficient method to allow the user's real
hands occluding the virtual objects. This was achieved by manipulating the rendering
engine of Unity3D and the knowledge of the user's hand position through the Leap Motion
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device. We use two kinds of shaders: the standard shader and the custom shader defined
by this research.
The rendering pipeline for the standard shader is shown in Figure 3.11. In step (a),
for each polygon, the predefined texture is read from memory, and written to each pixel
within the polygon. The pixels are then written to the Z buffer, and checked against other
polygons within the Z buffer to see if the pixels are occluded by polygons closer to the
camera, as shown in step (b). Pixels that are not occluded are drawn to the final image
buffer, as shown in step (c). In this research, the standard shader is used for occlusion
relationships between all virtual objects except for the virtual hands and virtual tools. In
our AR system, virtual hands and virtual tools are rendered by the images of the physical
hands and physical tools captured by the RGB camera.
Texture
Memory

Process each
polygon

Z Buffer

Read Texture
Write Texture
to Pixels

Test for Depth
Write to Depth

Draw Pixels

(a)

(b)

(c)

Figure 3.11

Image Buffer

Rendering pipeline: standard shader

In the AR environment, the interaction of the physical hands and physical tools with
other objects are handled by corresponding transparent virtual hands and virtual tools in
Unity3D. The occlusion relationship between virtual hands or virtual tools with other
objects are handled by the custom shader. The custom shader rendering pipeline is shown
in Figure 3.12. Instep (a), the shader is configured to read and write empty null pixels
from the texture memory. In step (b), the reading and writing to the Z buffer are the same
as the standard shader. Due to the null texture defined in step (a), this results in the shader
writing null (transparent) pixels to the image buffer, as shown in step (c).
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Texture
Memory

Process each
polygon

Z Buffer

Read Null
Texture
Write Null to
Pixels

Test for Depth
Write to Depth

Draw (Empty)
Pixels

(a)

(b)

(c)

Figure 3.12

Image Buffer

Rendering pipeline: custom shader

The custom shader is used for drawing transparent virtual hand and tool models. If
the virtual hands or virtual tools are closer to the user than the virtual objects, the region
occupied by the virtual hands or virtual tools will be rendered by the background scene
from the RGB camera. By aligning the real hands and the real tools with the virtual hands
and the virtual tools respectively in the RGB camera image stream, it is possible to allow
them to appear as if the real hands and the real tools are in front of the virtual objects.
In comparison to the method proposed by Sanches et al. (2012), our approach
requires much less computational load since the system does not rely on image processing.
A demonstration of our proposed method in the format of Figure 2.27 is shown in Figure
3.13. Step (a) is the RGB camera image stream. Step (b) is the virtual object behind the
real object. Step (c) shows the analogue of the real object with the custom shader applied,
resulting in the virtual object being occluded by the real object. Step (d) combines step
(a) and step (c) to create the final image. Step (e) shows that virtual object that is in front
of the real object is drawn normally.

Figure 3.13

Proposed approach for making real objects appear in front of virtual
objects
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3.2.3

Occlusion Results

With the modified hand models, the occlusion result is shown in Figure 3.14. Figure
3.14 (a), (c), and (e) show the images without occlusion handling, while Figure 3.14 (b),
(d), and (f) show the images with occlusion handling.

(a)

(b)

(c)

(d)

(e)

(f)
Figure 3.14

Occlusion handling results
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3.3

Software Architecture
The operation of the system presented in our research is wrapped into a single

Unity3D program with different components and plugins handling the various
functionalities, as shown in Figure 3.15.
User

Unity3D

Leap Motion API
- Inteprets the hand tracking data
from the Leap Motion device, and
controls the virtual hand within
Unity3D
- Detect whether the user is
attempting to grab an object

Leap Motion Device
- Provides hand tracking data

Virtual Hand

OVR API

Oculus Rift DK2 Device

- Inteprets the head tracking data
from the Oculus Rift DK2 device,
and controls the virtual camera
within Unity3D

- Provides head tracking data
- Display final image to user

Vuforia Engine

Virtual
Camera

- Processes webcam and marker
information to create AR
environment
- Acts as the anchor for the virtual
world, and provides coordinate
transform information to object
interaction engine

Webcam Device
-Provides image stream

Vuforia
Marker
Concave Collider Engine
- Provides a set of accurate
colliders to virtual objects

Object Interaction Engine
Virtual
Objects

- Handles physics based
disassembly logic.
- Handles grabbing, moving and
releasing of 3D virtual objects

Occlusion Handler
- Manipulates the rendering
sequence and shader to create and
faciliate hand-object and toolobject occlusion

Rendering Engine
- Renders the 3D virtual objects

Figure 3.15

Software architecture diagram
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The users directly interact with two modules: the Leap Motion device, and the
Oculus Rift DK2 HMD. The Leap Motion sends the hand tracking data to the Leap
Motion API, which processes and interprets the data and governs the virtual hand within
Unity 3D. The AR world is established through the webcam-marker combination by the
Vuforia engine, which in turn controls the position of the virtual objects. The Concave
Collider engine provides virtual objects with accurate colliders to deal with collision
detection. The Object Interaction Engine handles the interaction between virtual hands
and the virtual objects, including the physics based disassembly logic. The Oculus Rift
sends the head tracking data to the OVR API, which processes and interprets the data and
governs the virtual camera within Unity3D. The occlusion handler intervenes with the
rendering engine based on the relative positioning of the virtual objects and virtual hand,
and the rendering engine creates the final image output which is sent back to the Oculus
Rift. The final image is displayed to the user through the Oculus Rift.
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Chapter 4

Unification of Coordinate Systems

This chapter covers the issues of coordinate system transforms, and how the different
coordinates are reconciled to create an internally consistent system. With Leap Motion
and RGB camera mounted on the Oculus Rift DK2, as shown in Figure 4.1, the system
interacts with total of six coordinate systems:
1. Real world
2. Unity3D virtual world
3. Vuforia AR marker
4. Leap Motion
5. Oculus Rift DK2
6. RGB camera
Leap Motion

RGB camera

Oculus Rift DK2

Figure 4.1Oculus rift DK2 mounted with leap motion and RGB camera
The overall coordinate systems unification process is shown in Figure 4.2. In step
1(a), the RGB camera and Unity coordinate unification are unified. The details are
discussed in section 4.1. In step 1(b), the Leap Motion Controller and Unity coordinate
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are unified by Leap Motion SDK. The virtual hands transformation is obtained from the
virtual Leap Motion Controller in step 2(b). The details are described in section 4.2. The
unification of Oculus Rift and Unity coordinate is handled by OVR SDK in step 1(c). The
details are written in section 4.3. In step 2(a), the virtual markers and virtual objects are
transformed to correct position and orientation by Vuforia SDK. The details are discussed
in section 4.4. After matching the virtual RGB camera in Unity with the physical RGB
camera in step 1(a), the stereo calibration between the virtual RGB camera and the virtual
Leap camera in Unity is done in step 3. This is discussed in section 4.5. In step 4, the final
image of the virtual RGB camera includes physical RGB camera image as background,
virtual markers and virtual objects in the right position, and transparent virtual hands from
Leap Motion. This final image is rendered into texture and passed to the virtual OVR
camera in step 5. The user can see the final image through the physical Oculus Rift.
Unity3D

Real World
Physical RGB
camera

1(a) Camera calibration

Virtual RGB camera

Virtual marker

2(a) Vuforia SDK

3 Stereo calibration
Virtual Leap camera
Physical Leap Motion
Controller

RGB camera render texture
4 Render into texture

1(b) Leap Motion SDK
Virtual Leap Motion
Controller

Physical Oculus Rift
1(c) OVR SDK

Figure 4.2

Virtual OVR camera

2(b) Leap Motion SDK

Virtual hands

5 Final view

Overall coordinate systems unification diagram
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4.1

RGB Camera and Unity3D
This section describes the process of step 1(a) in Figure 4.2.

4.1.1

Method

There are two main issues need to be solved in this section: matching the virtual
camera with the physical camera, and dealing with the radial distortion. For headmounted AR, if we do not deal with these two problems, the users will perceive a warped
video space and the image will appear distorted. This may lead to difficulties in object
size estimation, virtual object misalignment, and a reduced sense of presence in the AR
environment.
Zhang (2000) proposed a camera calibration method. The camera’s intrinsic and
extrinsic matrix can be obtained by identifying the feature points from a planar pattern at
a few different orientations, as shown in Figure 4.3.

Figure 4.3

Planar pattern for camera calibration

The intrinsic matrix A is a 3 x 3 matrix, which transforms 3D camera coordinates to
2D homogeneous image coordinates. Each intrinsic parameter describes a geometric
property of the camera. α, β are the focal length of x-axis and y-axis. γ is the axis skew of
the x and y-axes. u0, v0 are the coordinate of the principle point.
𝛼𝛼
𝑨𝑨 = � 0
0

𝛾𝛾
𝛽𝛽
0

𝑢𝑢0
𝑣𝑣0 �
1
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The extrinsic matrix is a 3 x 4 matrix, which describes the camera's location and
orientation in the real world. 𝑟𝑟1 , 𝑟𝑟2 , 𝑟𝑟3 are the rotational relationship of the three axes,

and t is the translation between the two coordinate systems.
[𝑅𝑅|𝑇𝑇] = [𝒓𝒓𝟏𝟏

𝒓𝒓𝟐𝟐

𝒓𝒓𝟑𝟑

𝒕𝒕]

The process of how an object projected on a screen is shown in Figure 4.4. An object
in the world coordinate is transformed to the camera coordinate through the extrinsic
matrix, and projected to the pixel coordinate through the intrinsic matrix. The
transformation can be represented by the following equation:
𝑋𝑋
𝑢𝑢
𝑠𝑠 �𝑣𝑣 � = 𝑨𝑨[𝒓𝒓𝟏𝟏 𝒓𝒓𝟐𝟐 𝒓𝒓𝟑𝟑 𝒕𝒕] �𝑌𝑌 �
𝑍𝑍
1
1
Where (u, v) is the point in 2D image coordinate system, (X, Y, Z) is the point in the 3D
world coordinate system, and 𝑠𝑠 is the scaling factor.
Intrinsic matrix[𝐴𝐴]3∗3

Extrinsic matrix[𝑅𝑅|𝑇𝑇]3∗4

Figure 4.4

Coordinate systems

(Collins, 2007)

The method proposed by Zhang (2000) assumed that the model plane (planar pattern)
is on Z = 0 of the world coordinate system. Thus the equation can be reduced to the
equation below:
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𝑢𝑢
𝑠𝑠 �𝑣𝑣 � = 𝑨𝑨[𝒓𝒓𝟏𝟏
1

𝒓𝒓𝟐𝟐

𝒓𝒓𝟑𝟑

H = 𝑨𝑨[𝒓𝒓𝟏𝟏

𝑋𝑋
𝒕𝒕] �𝑌𝑌 � = 𝑨𝑨[𝒓𝒓𝟏𝟏
0
1
𝒓𝒓𝟐𝟐

𝒓𝒓𝟐𝟐

𝑋𝑋
𝑋𝑋
𝒕𝒕] �𝑌𝑌 � = 𝑯𝑯 �𝑌𝑌 �
1
1

𝒕𝒕] = [ℎ1 ℎ2 ℎ3 ]

H is the homography matrix, which can describe the relationship between two planes
namely the model plane and the image plane. In the extrinsic matrix, 𝑟𝑟1 and 𝑟𝑟2 are

orthonormal, so we can obtained the following equations:
𝐫𝐫𝟏𝟏 ∙ 𝐫𝐫𝟐𝟐 T = 0

𝐫𝐫𝟏𝟏 ∙ 𝐫𝐫𝟏𝟏 T = 𝐫𝐫𝟐𝟐 ∙ 𝐫𝐫𝟐𝟐 T

Get 𝑟𝑟1 and 𝑟𝑟2 from matrix H gives the equations below:
𝐡𝐡𝟏𝟏 T 𝐀𝐀−T 𝐀𝐀−1 𝐡𝐡𝟐𝟐 = 0

𝐡𝐡𝟏𝟏 T 𝐀𝐀−T 𝐀𝐀−1 𝐡𝐡𝟏𝟏 = 𝐡𝐡𝟐𝟐 T 𝐀𝐀−T 𝐀𝐀−1 𝐡𝐡𝟐𝟐

Let

−T −1

𝐁𝐁 = 𝐀𝐀 𝐀𝐀

B11 B12 B13
= � B12 B22 B23 �.
𝐵𝐵13 B23 B33

Note that B is symmetric, defined by a 6D vector:

b = [ B11 B12 B22 B13 B23 B33 ]T

Let the 𝑖𝑖 𝑡𝑡ℎ column vector of H be ℎ𝑖𝑖 = [ℎ𝑖𝑖1 , ℎ𝑖𝑖2 , ℎ𝑖𝑖3 ]𝑇𝑇 . Then, we have
𝑇𝑇
ℎ1𝑇𝑇 𝐴𝐴−𝑇𝑇 𝐴𝐴−1 ℎ2 = ℎ1𝑇𝑇 𝐵𝐵ℎ2 = 𝑣𝑣𝑖𝑖𝑖𝑖
𝑏𝑏

with 𝑣𝑣𝑖𝑖𝑖𝑖 = [ℎ𝑖𝑖1 ℎ𝑗𝑗1 , ℎ𝑖𝑖1 ℎ𝑗𝑗2 + ℎ𝑖𝑖2 ℎ𝑗𝑗1 , ℎ𝑖𝑖2 ℎ𝑗𝑗2 , ℎ𝑖𝑖3 ℎ𝑗𝑗1 + ℎ𝑖𝑖1 ℎ𝑗𝑗3 , ℎ𝑖𝑖3 ℎ𝑗𝑗2 + ℎ𝑖𝑖2 ℎ𝑗𝑗3 , ℎ𝑖𝑖3 ℎ𝑗𝑗3 ]

Therefore, the two fundamental constraints above, from a given homography, can be
rewritten as two homogeneous equations in b:
�

T
v12
� b = 0 => Vb = 0
(v11 − v22 )T
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h𝑖𝑖1 h𝑗𝑗1
⎡
⎤
⎢ h𝑖𝑖1 h𝑗𝑗2 + h𝑖𝑖2 h𝑗𝑗1 ⎥
⎢
⎥
h𝑖𝑖2 h𝑗𝑗2
⎢
⎥
where 𝐯𝐯𝐢𝐢𝐢𝐢 =
⎢ h𝑖𝑖3 h𝑗𝑗1 + h𝑖𝑖3 h𝑗𝑗2 ⎥
⎢h h + h h ⎥
𝑖𝑖2 𝑗𝑗3
⎢ 𝑖𝑖3 𝑗𝑗2
⎥
h𝑖𝑖3 h𝑗𝑗3
⎣
⎦

𝑇𝑇

Hence, with one image of the model plane, we can get two constraint equations. With
three or more images of the model plane, we can get the least square solution. Once b is
estimated, we can compute the camera intrinsic matrix A from the following equations:
v0 =

(B12 B13 − B11 B23 )
B11 B22 − B12 2

[B13 2 + v0 (B12 B13 − B11 B23 )]
λ = B33 −
B11
λ
α=�
B11

β=�

λB11

(B11 B22 − B12 2 )

γ=−
u0 =

B12 α2 β
λ

γv0 B13 α2
−
α
λ

Once A is known, the extrinsic parameters for each image is readily computed from
the equation 𝑨𝑨[𝒓𝒓𝟏𝟏

𝒓𝒓𝟐𝟐

1

𝒕𝒕] = 𝐇𝐇. With λ = −1
‖𝐀𝐀 𝐡𝐡

𝟏𝟏 ‖

𝐫𝐫𝟏𝟏 = λ𝐀𝐀−1 𝐡𝐡𝟏𝟏

1

= ‖𝐀𝐀−1 𝐡𝐡

𝟐𝟐 ‖

𝐫𝐫𝟐𝟐 = λ𝐀𝐀−1 𝐡𝐡𝟐𝟐
𝐭𝐭 = λ𝐀𝐀−1 𝐡𝐡𝟑𝟑

𝐫𝐫𝟑𝟑 = 𝐫𝐫𝟏𝟏 × 𝐫𝐫𝟐𝟐
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The above solution is obtained through minimizing an algebraic distance which is
not physically meaningful. We can refine it through maximum likelihood inference:
𝑛𝑛

𝑛𝑛

� ��𝑚𝑚𝑖𝑖𝑖𝑖 − 𝑚𝑚′ (𝐴𝐴, 𝑅𝑅𝑖𝑖 , 𝑡𝑡𝑖𝑖 , 𝑀𝑀𝑗𝑗 )�
𝑖𝑖=1 𝑗𝑗=1

2

Where 𝑚𝑚′ (𝐴𝐴, 𝑅𝑅𝑖𝑖 , 𝑡𝑡𝑖𝑖 , 𝑀𝑀𝑗𝑗 ) is the projection of point 𝑀𝑀𝑗𝑗 in world coordinate in image i.

Considering the lens distortion of the camera, let (u, v) be the ideal (nonobservable

distortion-free) pixel image coordinates, and (u’, v’) the corresponding real observed
image coordinates. The ideal points are the projection of the model points according to
the pinhole model. Similarly, (x, y) and (x’, y’) are the ideal (distortion-free) and real
(distorted) normalized image coordinates. We have:
𝑥𝑥 ′ = 𝑥𝑥 + 𝑥𝑥[𝑘𝑘1 (𝑥𝑥 2 + 𝑦𝑦 2 ) + 𝑘𝑘2 (𝑥𝑥 2 + 𝑦𝑦 2 )2 ]
𝑦𝑦 ′ = 𝑦𝑦 + 𝑦𝑦[𝑘𝑘1 (𝑥𝑥 2 + 𝑦𝑦 2 ) + 𝑘𝑘2 (𝑥𝑥 2 + 𝑦𝑦 2 )2

Where 𝑘𝑘1 and 𝑘𝑘2 are the coefficients of the radial distortion. The center of the radial
distortion is the same as the principal point.

From u′ = 𝑢𝑢0 + 𝛼𝛼𝑥𝑥 ′ + 𝛾𝛾𝛾𝛾′ and v ′ = 𝑣𝑣0 + 𝛽𝛽𝛽𝛽′ and assuming γ = 0 , we have the

distortion equations:

𝑢𝑢′ = 𝑢𝑢 + (𝑢𝑢 − 𝑢𝑢0 )[𝑘𝑘1 (𝑥𝑥 2 + 𝑦𝑦 2 ) + 𝑘𝑘2 (𝑥𝑥 2 + 𝑦𝑦 2 )2 ]
𝑣𝑣 ′ = 𝑣𝑣 + (𝑣𝑣 − 𝑣𝑣0 )[𝑘𝑘1 (𝑥𝑥 2 + 𝑦𝑦 2 ) + 𝑘𝑘2 (𝑥𝑥 2 + 𝑦𝑦 2 )2

Thus, the complete maximum likelihood estimation is:
𝑛𝑛

𝑛𝑛

� ��𝑚𝑚𝑖𝑖𝑖𝑖 − 𝑚𝑚′ (𝐴𝐴, 𝑘𝑘1 , 𝑘𝑘2 , 𝑅𝑅𝑖𝑖 , 𝑡𝑡𝑖𝑖 , 𝑀𝑀𝑗𝑗 )�
𝑖𝑖=1 𝑗𝑗=1

2

Where 𝑚𝑚′ (𝐴𝐴, 𝑘𝑘1 , 𝑘𝑘2 , 𝑅𝑅𝑖𝑖 , 𝑡𝑡𝑖𝑖 , 𝑀𝑀𝑗𝑗 ) is the projection of point 𝑀𝑀𝑗𝑗 in world coordinate in

image i followed by distortion according to the two distortion equations. The answer of
this equation is the reprojection errors, the best solution is to find the minimum.
Minimizing projection errors is a nonlinear minimization problem, which is solved with
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the Levenberg-Marquardt Algorithm. As a result, we can obtain the camera’s intrinsic
parameters and the extrinsic parameters of every image.

4.1.2

Result of Camera Calibration

The method is implemented in the Camera Calibration Toolbox for Matlab (Bouguet,
2010). In this research, we use the toolbox to obtain the parameters of the physical camera.
The result of the camera calibration is shown in Table 4.1.
Table 4.1 The camera calibration result of the RGB camera
RGB camera’s intrinsic parameters
Focal length

fc = [ 706.13779

705.32326 ] +/- [ 1.58420

1.50085 ]

Principal point

cc = [ 948.82891

519.78628 ] +/- [ 0.96053

1.36201 ]

Skew

alpha_c = [ 0.00116 ] +/- [ 0.00043 ]

Distortion

kc = [ -0.00568 -0.02345 -0.00115 0.00059 0.00317 ]
+/- [ 0.00219 0.00203 0.00030 0.00022 0.00064 ]

Result of 3D
construction

However, in Unity, the virtual camera has a limited field of view, which exhibits a
view frustum (truncated pyramid) as shown in Figure 4.5, and is specified by four
parameters: the vertical angle of view (fovy), aspect ratio of width and height (aspect),
near plane (zNear) and far plane distance (zFar). Therefore, in order to apply Zhang’s
pinhole model in Unity3D, we need to set the Unity virtual camera's frustum to match the
physical camera's parameters with a custom script. The custom script is shown in Figure
4.6.
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Aspect = width/height

Height

Figure 4.5

Unity view frustum diagram

(Mark, 2013)

void OnPreCull()
{
// from calibration parameters Fx and Fy = focal lengths in pixels
Vector2 focal_lengths = new Vector2(706.13779f, 705.32326f);
Vector2 resolution = new Vector2(1920.0f, 1080.0f);
// virtual camera (pinhole type) vertical field of view
float vfov = 2.0f * Mathf.Atan(0.5f * resolution.y / fparams.y) * Mathf.Rad2Deg;
mCamera.fieldOfView = vfov;
mCamera.aspect = 16.0f / 9.0f;
}

Figure 4.6

Custom script to set Unity virtual camera's frustum

For distortion issue, we pass the distortion coefficients to the custom distortion-free
shader to correct the camera image. The shader runs separately on each camera image and
therefore there is no impact on frame rate. Figure 4.7 shows the results from a custom
distortion-free shader running on the GPU. The left side of the figure shows the original
unprocessed RGB images, while the right side shows the fixed images via the distortionfree shader.

Figure 4.7

Distortion correction result
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4.2

Leap Motion and Unity3D
This section describes the process of step 1(b) and step 2(b) in Figure 4.2.

4.2.1

Method

The Leap Motion API outputs its device data to a virtual controller object in Unity.
As shown in Figure 4.8, by default the two Oculus cameras are separated by 0.064 m,
which is the average distance between human eyes, and the Leap Motion cameras are
separated by 0.04 m. In order to make the camera images match the 3D tracking data
without changing the position of scene cameras, the virtual hands in Leap Motion are
scaled by the ratio of the Oculus camera offset and the Leap Motion camera offset, which
yields 1.6. On the other hand, since the Leap Motion Controller in the real world is
approximately 8 cm away from user’s real eyes, the virtual controller is offset by 0.08 m
in the z-axis. Similarly, we offset the virtual controller by 0.04 m in the y-axis as it is
approximately 4 cm on top of the physical RGB camera in the real world.

Y

X

Z

Figure 4.8

The camera placements in Leap Motion and Oculus Rift
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The transformation matrix from Leap Motion to Unity is calculated by:

Where,

𝑀𝑀𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿/𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 = 𝑀𝑀𝑟𝑟 × 𝑀𝑀𝑡𝑡 × 𝑀𝑀𝑠𝑠 × 𝑀𝑀𝑐𝑐 × 𝑀𝑀𝑈𝑈

𝑀𝑀𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿/𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 = Transformation matrix from Leap Motion to Unity,
𝑀𝑀𝑟𝑟 = Rotation matrix,

𝑀𝑀𝑡𝑡 = Translation matrix to handle the [0, 0.04, 0.08] offset,

𝑀𝑀𝑠𝑠 = Scaling matrix so that the virtual hands obtained from the physical Leap

Motion can match the virtual Leap camera image,

𝑀𝑀𝑐𝑐 = Conversion matrix to change the coordinate system from right- (Leap Motion)

to left-handed (Unity) and converts units from millimeters to meters,
𝑀𝑀𝑈𝑈 = Unity coordinate system.

4.2.2

Experimental Results

The results of the transformation matrix calculation yields:
𝑝𝑝0 = 𝑀𝑀𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿/𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑝𝑝𝐿𝐿𝐿𝐿 ,

𝑀𝑀𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿/𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈
Where,

−0.0016
0
=�
0.0016
−0.0048

0
0
0
0.1230

0
0
−0.0016
0.4560

0
0
�
0
1

𝑀𝑀𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿/𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 = Transformation matrix from Leap Motion to Unity3D,
𝑝𝑝0 = Unity3D coordinate,

𝑝𝑝𝐿𝐿𝐿𝐿 = Leap Motion coordinate.
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4.3

Oculus Rift and Unity3D
This section describes the process of step 1(c) in Figure 4.2.

4.3.1

Method

An OVR virtual camera is used for Oculus Rift within a Unity3D scene. The position
of this OVR virtual camera is controlled by user’s head movement. Query the Oculus
SDK for current HMD transform. We want the average of the left and right eyes positions
for the position of the OVR virtual camera, and it can be obtained via Oculus’s internal
head tracking method.

Figure 4.9

Oculus’s internal head tracking method

As shown in Figure 4.9, the user’s head movement headPose can be obtained by
Oculus’s GetTrackingState().HeadPose.ThePose function. And the translation and
rotation matrix of the OVR virtual camera can be obtained via the headPose.Position and
headPose.Orientation functions respectively. Thus, the transformation matrix from
Oculus Rift to Unity is calculated by:
𝑀𝑀𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑠𝑠/𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 = 𝑀𝑀𝑡𝑡 × 𝑀𝑀𝑟𝑟

Where,

𝑀𝑀𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂/𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 = Transformation matrix from Oculus Rift to Unity,
𝑀𝑀𝑡𝑡 = Translation matrix,

𝑀𝑀𝑟𝑟 = Rotation matrix.

4.3.2

Experimental Results

The coordinate transformation matrix between Oculus Rift and Unity3D can be
calculated by Oculus's internal head tracking function:
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𝑝𝑝0 = 𝑀𝑀𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂/𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑝𝑝𝑂𝑂𝑂𝑂𝑂𝑂

Where,

𝑀𝑀𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉/𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 = Transformation matrix from Oculus Rift to Unity3D,
𝑝𝑝0 = Unity3D coordinate,

𝑝𝑝𝑂𝑂𝑂𝑂𝑂𝑂 = Oculus Rift coordinate.

4.4

Real world, Vuforia and Unity3D
This section describes the process of step 2(a) in Figure 4.2.

4.4.1

Method

The real world and Unity3D virtual world coordinate systems are unified by Vuforia.
Predefined markers, as shown in Figure 4.10, are used to link the Vuforia, real world, and
Unity3D virtual world coordinates together to create an AR environment.

Figure 4.10

The AR markers

The unifying procedure is shown in Figure 4.11. After defining the marker, a virtual
marker is placed at the origin of the Unity3D world coordinate system, as shown in step
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1(a). A physical marker is printed out and placed in the real world as shown in step 1(b).
In step 2(a), Vuforia generates a set of feature points on the virtual marker. In step 2(b),
the corresponding feature points on the physical marker are identified by Vuforia. In step
3(a), the transformation between the virtual marker and the printed physical maker is
found by the feature points. In step 3(b), Vuforia overlaps the printed and virtual marker
on the physical maker by transforming the virtual marker to the correct position and
orientation looking from the view point of the virtual camera. In step 4(a), the image of
the virtual AR camera is overlaid onto the real camera image from the RGB camera which
is set as the background in step 4(b).
Marker Image
Virtual World Marker
(Unity3D)

Real World Marker
(Printed)
Step 1(a)

Step 1(b)

Step 2(a)

Step 2(b)

Load Feature Point
Database by Vuforia

Feature Point
Identification by Vuforia

Adjusted
Camera View
Step 3(a)
Adjusts Virtual Marker

Step 3(b)

Final Output
Step 4(a)

Step 4(b)
Real Camera
Image

Virtual Camera
Image (with
virtual objects)

Figure 4.11

Workflow for establishing the AR environment.

The Vuforia API supports rotational head tracking to enable the development of
immersive VR experiences. Specific class tracks the rotational pose of a device within a
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world coordinate system using data from the device's inertial sensors. The transformation
matrix from Vuforia to Unity for the process described in Figure 4.11 is calculated by:
𝑀𝑀𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉/𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 = 𝑀𝑀𝑟𝑟 × 𝑀𝑀𝑐𝑐

Where,

𝑀𝑀𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉/𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 = Transformation matrix from Vuforia to Unity,
𝑀𝑀𝑟𝑟 = TrackableResults matrix in Vuforia,

𝑀𝑀𝑐𝑐 = ModelCorrection matrix in Vuforia, a head pivot model configured to

transform the TrackableResult to reflect the rotational center of the provided model.

4.4.2

Experimental Results

The coordinate transformation matrix between Vuforia and Unity3D can be
calculated by Vuforia's internal feature matching function:
𝑝𝑝0 = 𝑀𝑀𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉/𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑝𝑝𝐴𝐴𝐴𝐴

Where,

𝑀𝑀𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉/𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 = Transformation matrix from Vuforia to Unity3D,
𝑝𝑝0 = Unity3D coordinate,

𝑝𝑝𝐴𝐴𝐴𝐴 = Vuforia coordinate.

4.5

RGB camera and Leap Motion
This section describes the process of step 3 in Figure 4.2.

4.5.1

Method

Noh et al. (2015) presented a remote collaboration system in AR environment, which
enables a local user to interact and collaborate with another user from remote space using
natural hand motion. The remote user is summoned into the local space, which appears
as a virtual avatar in the real world view seen by the local user as shown in Figure 4.12.
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Noh et al. (2015) calibrated and managed the camera coordinate systems in Unity, so that
users can collaborate on shared virtual objects in the co-space. The system is applied to
medical surgery simulation.

Figure 4.12

Remote collaboration system proposed by Noh et al. (2015)

In this research, we did stereo calibration to unify the coordinate systems between
virtual RGB camera and virtual Leap camera in Unity3D. Stereo calibration refers to
obtain the extrinsic matrix between two cameras. Leap Motion has two IR Cameras which
are factory calibrated, so we can get the undistortion image directly from Leap Motion
SDK. The image from RGB camera is also calibrated in section 4.1. Next, we did the
stereo calibration to obtain the rotation and translation relationship between the virtual
RGB camera and the virtual Leap camera. However, we need to obtain the intrinsic matrix
of the two virtual cameras first, then the extrinsic matrix can be obtained by stereo
calibration using image pairs.
As mentioned in section 4.1, the virtual camera in Unity uses view frustum model
specified by the vertical angle of view (fovy), aspect ratio of width and height (aspect),
near plane (zNear) and far plane distance (zFar). The frustum view model in Unity
includes four coordinate systems, as shown in the top of Figure 4.13. The model matrix
transforms the object from its local coordinate to Unity world coordinate. The view matrix
aligns the Unity world coordinate to the camera coordinate in which the viewer look at
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the scene. With projection matrix, the object is projected to the image coordinate. That is
to say, it does not use the intrinsic matrix as we presented in section 4.1, but with a
projection matrix to convert virtual camera coordinate to Unity world coordinate.
The projection matrix is given by:

𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

cot(𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓/2)
0
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
0
cot(𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓/2)

⎡
⎢
=⎢
⎢
⎢
⎣

Unity3D (frustum view model)

0

0

0

0

Model Matrix

Object Local
Coordinate

0

0
𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧
−
𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧 − 𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧
−1

View Matrix

World Coordinate

⎤
⎥
0
⎥
𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧 × 𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧 ⎥
−
𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧 − 𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧⎥
⎦
0
0

Projection Matrix

Camera Coordinate

Image (Screen)
Coordinate

OpenCV (pinhole camera model)

Extrinsic
Parameters

Figure 4.13

Intrinsic
Parameters

Transformation matrices for cameras in Unity and OpenCV

Compare to the pinhole camera model used in OpenCV as presented in Section 4.1,
the projection matrix has the similar function as the intrinsic parameters, and the view
matrix has the similar function as the extrinsic parameters, as shown in Figure 4.13.
As shown in Figure 4.14, the goal is to find the transformation matrix 𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅_𝑣𝑣/𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿_𝑣𝑣

between virtual Leap camera and virtual RGB camera. There are mainly two actions in
this method. The first action is to transform the real chessboard to Unity coordinate,
namely to create a virtual chessboard which matches the RGB image. The second action
is to match the image view of virtual Leap camera to the virtual chessboard created in
Unity through transforming the position and rotation of the virtual Leap camera.
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OpenCV

OpenCV::solvePnP

Step 2
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RGB image
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Figure 4.14

Workflow of RGB and Leap camera coordinate systems unification

In the first action, we need to convert the virtual RGB camera’s projection
matrix 𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝_𝑅𝑅𝑅𝑅𝑅𝑅 to intrinsic parameters in OpenCV’s pinhole camera model. Next,
we calibrate the camera to get the extrinsic parameters, as presented in section 4.1. With
the extrinsic parameters, we can transform the real chessboard in real world coordinate to
the virtual RGB camera coordinate. Afterward, the chessboard is transformed to the Unity
world coordinate via the virtual RGB camera’s localToWorld matrix 𝑀𝑀𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙_𝑅𝑅𝑅𝑅𝑅𝑅 .

Thereby, we have the position and rotation of the virtual chessboard in the Unity
coordinate. The first action can be denoted as the transformation matrix 𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅_𝑣𝑣/𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 .

Once the virtual chessboard is placed correctly, the method goes to the second action.

Same as the first action, we start with converting the virtual Leap camera’s projection
matrix 𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝_𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 to intrinsic parameters in OpenCV’s pinhole camera model and

get the extrinsic parameters. Second, we transform the virtual chessboard from its local
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coordinate to Unity world coordinate via the chessboard model matrix 𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚_𝑐𝑐ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 .

Then, we can transform the virtual Leap camera to the correct position and orientation
through the transformation matrix 𝑀𝑀𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈_𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿_𝑣𝑣 . Last, we can calculate the

transformation matrix 𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅_𝑣𝑣/𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿_𝑣𝑣 which is used to unify the virtual RGB camera
coordinate system and the virtual Leap camera coordinate system.

The transformation matrix between virtual Leap camera and virtual RGB camera in
Unity is calculated by:
𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅_𝑣𝑣/𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 = 𝑀𝑀𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙_𝑅𝑅𝑅𝑅𝑅𝑅 × [𝑅𝑅|𝑇𝑇]𝑅𝑅𝑅𝑅𝑅𝑅

𝑀𝑀𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈/𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿_𝑣𝑣 = 𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚_𝑐𝑐ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 × [𝑅𝑅|𝑇𝑇]−1
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
Where,

𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅_𝑣𝑣/𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿_𝑣𝑣 = 𝑀𝑀𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈/𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿_𝑣𝑣 × 𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅_𝑣𝑣/𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈

𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅_𝑣𝑣/𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑦𝑦 = Transformation matrix to transform the virtual chessboard to the
correct position and orientation in Unity coordinate,

𝑀𝑀𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙_𝑅𝑅𝑅𝑅𝑅𝑅 = Transformation matrix from virtual RGB camera to Unity (can

be obtained from Unity: : Camera. transform. localToWorldMatrix),
[𝑅𝑅|𝑇𝑇]𝑅𝑅𝑅𝑅𝑅𝑅 = Extrinsic matrix of RGB camera,

𝑀𝑀𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈/𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿_𝑣𝑣 = Transformation matrix to transform the virtual Leap camera to the
correct position and orientation in Unity coordinate,

𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚_𝑐𝑐ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = Model matrix of virtual chessboard (can be obtained
from Unity: : Object. transform. localToWorldMatrix),

[𝑅𝑅|𝑇𝑇]−1
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = Inverse extrinsic matrix of Leap camera,

𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅_𝑣𝑣/𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿_𝑣𝑣 = Transformation matrix between virtual RGB camera and virtual
Leap camera in Unity.
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4.5.2

Result of Stereo Calibration

The coordinate transformation matrix between virtual Leap camera and virtual RGB
camera in Unity can be obtained as follows:
𝑝𝑝𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿_𝑣𝑣 = 𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅_𝑣𝑣/𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿_𝑣𝑣 𝑝𝑝𝑅𝑅𝑅𝑅𝑅𝑅_𝑣𝑣

𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅_𝑣𝑣/𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿_𝑣𝑣
Where,

0.99994
−0.00472
=�
0.01001
0

0.00424
0.99885
0.04768
0

−0.01022
−0.04764
0.99881
0

−0.00418
0.08667
�
0.37412
1

𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅_𝑣𝑣/𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿_𝑣𝑣 = Transformation matrix between virtual RGB camera and virtual
Leap camera in Unity,

𝑝𝑝𝑅𝑅𝑅𝑅𝑅𝑅_𝑣𝑣 = Virtual RGB camera coordinate,

𝑝𝑝𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿_𝑣𝑣 = Virtual Leap camera coordinate.

Figure 4.15 shows the images from virtual RGB camera and virtual Leap camera
during stereo calibration. Figure 4.16 shows the images from virtual RGB camera with
the virtual hand from Leap Motion before and after stereo calibration.
Leap

RGB

Figure 4.15

Stereo calibration between virtual RGB camera and virtual Leap camera
Before

Figure 4.16

After

Leap Motion virtual hand match RGB image
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Chapter 5

Physics-based Disassembly System

This chapter covers the development of the physics-based disassembly system
presented in this research. Section 5.1 briefly discuss the mechanism of grabbing and
releasing virtual objects with hands. Section 5.2 discusses the implementation of
disassembly sequence and the transformation of grabbing virtual objects including
translation and rotation. Section 5.3 discuss the usage of tools and disassembly
instructions for users.

5.1

Grabbing and Releasing Mechanism

5.1.1

Method

Holz et al. (2008) proposed a flexible grasping algorithm enabling grasping without
complex physics computation. The research used circular pattern contact sensors, which
allows a high precision but without heavy computational resources in the collision
detection, to create virtual hand models. Through the usage of contact sensors, the
research was able to grasp and move multiple objects with a high degree of freedom.
Inspired by the multi-point contact grasping simulation proposed by Holz et al.
(2008), circular contact sensors and grasping pairs are used in this research. In Unity3D,
sphere colliders are put at every fingertip to detect collision. The sphere colliders are used
not only for the convenience of calculation but also for matching the shape of fingertips.
The grasping pairs approach logic is shown in Figure 5.1. It is a contact model for three
sensors with an object.

63

doi:10.6342/NTU201600717

𝑽𝑽𝒊𝒊𝒊𝒊

Figure 5.1

Grasping pairs

(Holz et al., 2008)

In the case of a collision between a sphere sensor 𝑆𝑆𝑖𝑖 and the surface of an object,

the normal vector of the object’s polygon which is in contact with the sensor is derived
as contact normal 𝑛𝑛𝑖𝑖 . The two sensors induce a stable grasp is defined as a grasping pair.
When the two conditions below are met, the grasp is defined as stable and successful:
(1) Both 𝑆𝑆𝑖𝑖 and 𝑆𝑆𝑗𝑗 collide with the same object in frame 𝑘𝑘.
(2) In frame 𝑘𝑘 the following two equations hold:
∠�𝑛𝑛𝑖𝑖 , 𝑉𝑉𝑖𝑖𝑖𝑖 � ≤ 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚
∠�𝑛𝑛𝑗𝑗 , 𝑉𝑉𝑖𝑖𝑖𝑖 � ≤ 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚

Here, 𝑉𝑉𝑖𝑖𝑖𝑖 is the vector from the center of sensor 𝑆𝑆𝑖𝑖 to the center of sensor 𝑆𝑆𝑗𝑗 , and

αmax is the maximum angle before which the object will begin sliding in human hand,
related to the object’s coefficient of friction.

Point c in Figure 5.1 denotes the center of the grasp. If only one grasp pair succeed,
point c is the center of the two sensors. Otherwise, point c is the centroid of the area closed
by Vij . Once the object is grasped, the object will be transformed according to the user’s

manipulation based on point c.

When a grasping pair is established, in order to increase the stability of grasping
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simulation, we use composite object collision sensors as the basis of grasping. As shown
in Figure 5.2, we give the virtual object a composite sensor includes a touching sensor
and a leaving sensor. The region surrounded by the dotted line is the touching sensor
which is used for grabbing mechanism, whereas the area surround by the solid line is the
releasing sensor which is used for releasing mechanism.

Figure 5.2

Composite sensor of virtual object

The logic of using the composite sensor is shown in Figure 5.3. If the virtual hands
touch the touching sensor, the virtual object is regarded as being touched and the system
will determine whether the grasping pairs are valid or not. On the other hand, when the
virtual hands leave from the leaving sensor, the system will consider the virtual hands are
leaving the surface of the object, thus releasing the object. In this way, we can prevent the
noise signal produced by Leap Motion and the unstable tremble by the user's hands to
improve the stability of the system.

(a) Touching a virtual object

Figure 5.3

(b) Leaving a virtual object

Sensing logic of grasping and releasing a virtual object
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5.1.2

Experimental Results

For collision detection, we use Collider component in Unity3D. There are two types
of colliders: Trigger collider, denoted as detector, and Not Trigger collider, denoted as
collider. The difference between detectors and colliders is that when colliding with other
colliders or detectors, the former only generates trigger signal and the collisions will be
ignored by the physics engine; the later will execute physical collisions. In this research,
virtual hands are attached with colliders, but no detectors, while virtual objects are
attached with both detectors and colliders. The detectors are used to detect releasing
mechanism, while the colliders are used to detect collisions between hands and objects
and generate the corresponding physical effects.
The virtual hands with collider used in our system is shown in Figure 5.4. The virtual
object with touching collider and releasing detector are shown in Figure 5.5. The distance
between the touching collider and the releasing detector is 1.5-2 cm, approximately.

Figure 5.4

(a) Touching colliders
Figure 5.5

Virtual hands with collider

(b) Releasing detectors

(c) Composite sensors

Touching collider and releasing detector of a virtual object
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The flowchart of the grabbing and releasing logic is shown in Figure 5.6. Figure 5.7
shows a LEGO brick grabbed by user’s hand.
Hand approaches object

Is hand's colliders collide
with object's colliders?

No
Yes
Hand touches object

Is grasping pair valid

No
Yes
Hand grabs object

Is hand's colliders leaving
from object's detectors?

No

Yes
Hand releases object

Figure 5.6

Figure 5.7

Flowchart of the grabbing and releasing logic

LEGO brick grabbed by user’s hand
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5.2

Object Transformation

5.2.1

Method

With the predefined disassembly sequence, the users can only disassemble one
object at a time. This is achieved by using the Tag property in Unity GameObjects. The
overall flowchart is shown in Figure 5.8. During the grabbing process, the grabbed objects
will be transformed by hand around the center of the grasping pairs. In order to have a
realistic interaction with virtual objects in Unity3D, instead of giving the object an
absolute position and rotation, we used a different solution.
Hand grabbing object
No
Is the object
removable
Yes
Transform object

Figure 5.8

The overall flowchart of grabbing logic

In this research, we move and rotate virtual objects by changing the linear velocity
and angular velocity of the object’s Rigidbody component in Unity directly. For
movement, all Unity GameObjects have velocity, which should usually not be modified
directly. However, in order to let the object moving together with the hand without
penetrating into other objects, we need to modify the velocity. We take the (Center
Position of the grasping pairs - Object Position in Unity)t0 as the positional difference at
t0. The frame at t0 is which the user successfully grabs the object. Then, for each frame at
ti, we compute the object’s delta position as the (Center Position of the grasping pairs at
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ti + positional difference at t0 - Object Position in Unity at ti), transform it to the velocity
value, and apply it to the object. Through this approach, the object could be affected by
external forces such as collision from other objects, but would continue to move together
with the hand.
In Unity, rotations are quaternions, so we cannot simply take the (Hand Rotation of
the user - Object Rotation in Unity) and end with the rotational difference. The other issue
is that angular velocity is a vector quantity, not a quaternion, meaning that we have to
actually calculate the angular velocity by ourselves. Our solution to the problem of
rotation is that we find the rotation quaternion between the hand’s orientation quaternion
and the object’s orientation quaternion at the start grabbing frame by multiplying the
inverse of the hand’s orientation by the object’s orientation. Then, we compute the
object’s delta rotation as the (Hand Rotation of the user at ti * rotational difference at t0 *
Inverse of Object Rotation in Unity at ti) and transform it from a quaternion format to an
angle-axis format. Using the Angle and the Axis, we could calculate the threedimensional angular velocity.

5.2.2

Experimental Results

If the object is removable, the user can grab the object. And the grabbed object will
transform with the hand. The pseudo code and the figure of the translation and rotation
of the grabbed objects are shown in Table 5.1

.
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Table 5.1 Pseudo code and figure of the transformation of the grabbed object
The object without grabbing

Grabbing and translating the object
void FixedUpdate()
{
// update center
center = gp.center;
Vector3 target_position = center + positionDelta;
Vector3 delta_position = target_position
- grabbingObject.transform.position;
Vector3 velocity = delta_position / Time.fixedDeltaTime;
// apply the velocity to the grabbed object
grabbingObject.GetComponent<Rigidbody>().velocity = velocity;
}
private void OnGrab()
{
// gp is the grasping pair
// center is the grasping pair center
center = gp.center;
posistionDelta = grabbingObject.transform.position - center;
}

Grabbing and rotating the object
void FixedUpdate()
{
Quaternion hand_rotation_now = hand_model.GetPalmRotation();
Quaternion target_rotation = hand_rotation_now
* rotationDelta;
Quaternion delta_rotation = target_rotation
* Quaternion.Inverse(grabbingObject.transform.rotation);
float angle = 0.0f;
Vector3 axis = Vector3.zero;
delta_rotation.ToAngleAxis(out angle, out axis);
if (angle > 180)
{
angle = 360 - 180;
axis = -axis;
}
grabbingObject.GetComponent<Rigidbody>().angularVelocity
= angle * axis;
}
private void OnGrab()
{
// Hand rotation comes from Leap Motion SDK
Quaternion hand_rotation = hand_model.GetPalmRotation();
rotationDelta = Quaternion.Inverse(hand_rotation)
* grabbingObject.transform.rotation;
}
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5.3

Tools and Instructions

5.3.1

Tool Representation

In order to create a representation of the tools in the virtual world, 3D mesh of tools
are created using 3D Studio Max. The dimension of the virtual tools are the same as the
physical tools. We use predefined markers to unify the physical tools in real world
coordinate and the virtual tools in Unity world coordinate as described in section 4.4. As
shown in Figure 5.9, there are two kinds of tools used in our system, screw driver and
wrench.

(a) physical screw driver

(b) virtual screw driver

(c) physical wrench
Figure 5.9

(d) virtual wrench

Screw driver and wrench representation

The green sphere in Figure 5.9 is the collider which is used to detect collision with
the screws. Thus, the screws are disassembled by tools. The disassembly logic of the tools
is shown in Figure 5.10. Examples of disassembling screws by using screw driver and
wrench are shown in Figure 5.11.
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Tool collides with object
No
Is the object a screw

Yes
Transform screw

Figure 5.10

Disassembly logic of the tools

(a) disassemble screw with screw driver
driver
Figure 5.11

5.3.2

(b) disassemble screw with wrench

Examples of disassembling screws

Instructions

In order to improve the smoothness of the disassembling process, we implemented
few kinds of visual feedback in the system. The object which is not yet to be disassembled
is colored in its original color, as shown in Figure 5.12 (a). As shown in Figure 5.12 (b),
when the object is to be disassembled, the object is colored in red. If the user touches the
object, a yellow circle will appear at the collision position to give the user a hint, as shown
in Figure 5.12 (c). Then, when user successfully grabs the object, the object is colored in
green, as shown in Figure 5.12 (d). As the user releases the object, the object will return
to its original color, as shown in Figure 5.12 (e). In contrast, when the tool is removing
the screw, the screw is colored in yellow as shown in Figure 5.11.
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(a) The LEGO brick on the top is not
yet to be disassembled, thus
colored in its original color

(b) The LEGO brick on the top is to
be disassembled, thus colored in
red

(c) The user touches the LEGO
brick, yellow circle appears

(d) The user successfully grabs the
LEGO brick, the brick is colored
in green

(e) The user releases the LEGO brick
Figure 5.12

Visual feedback in the system
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Chapter 6

User Testing

To verify the results of this research, we did a user testing to require the subjective
and objective metrics of system performance. There are two case studies, a vice
disassembly and an actuator disassembly. The user testing procedure is designed to
familiarize the users with the system's usage, track the objective performance of the users
while using the system, and inquire about users’ subjective experiences.

6.1

User Testing Design
The user testing includes one system training task, one real world disassembly task

and two virtual disassembly tasks. The first disassembly task is of a vice, and the second
disassembly task is of an actuator. After completing the training task, the user is then
asked to complete the disassembly tasks of the vice and the actuator. The real task serves
as a comparison base for the user's experience using our system. The flowchart of the user
testing is shown in Figure 6.1. The test was completed for a total of 20 participants, within
which 10 are male and 10 are female. The age range is within 21~35. The environment
of the test is shown in Figure 6.2.
Start of User Test

Virtual Training

Questionnaire

End of User Test

Virtual Vice
Disassembly

Physical Vice
Disassembly

Virtual Actuator
Disassembly

Figure 6.1

Flowchart of user test
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Oculus Rift DK2

Physical tools
with markers
Figure 6.2

6.2

Leap Motion

RGB

Vuforia marker to create
a disassembly model
The user testing environment

Virtual Training
Before the actual testing begins, the user is asked to perform a training task to

understand the usage of the system. A scene of four 2x2 LEGO bricks is presented to the
user, as shown in Figure 6.3. The test operator first demonstrates the use of the system,
including how the user's real hand movements relates to object interaction within the
system, and how the grabbing and releasing mechanism is used to grab, move and release
objects. The user is not given specific instructions, but is required to grab each LEGO
brick in specific order, to attempt disassembling the LEGO brick. The user experienced
the AR disassembly system both with and without occlusion.
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Figure 6.3

Setup for virtual training

Pilot test revealed that new users frequently have issues interpreting the relative
position of their hands within the virtual workspace, and attempt to grab objects when the
user's hand is at incorrect positions. By performing the training task, users were able to
be more familiar with the system and decrease wrong grabbing attempts.

6.3

Virtual Vice Disassembly

6.3.1

Test Design

The first disassembly task consists of a vice. As an analogue to the real world
disassembly task, the same type and amount of parts are provided in the AR-based
disassembly system as in the real vice disassembly task. The vice base serves as the
foundation of the disassembly and does not need to be disassembled. The four parts are
lined up from top to bottom, in the sequence of disassembly. The user is asked to adhere
to the disassembly sequence. Figure 6.4 shows the setup of the parts in our system. Table
6.1 shows the part ID, description, and volume for each part. Figure 6.5 shows the vice
before disassembly. Figure 6.6 shows the implementation environment of the vice
disassembly task using our system.
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1

Y

2

Z

X
3

4

5

Figure 6.4

Vice disassembly task part notation

Table 6.1 Vice disassembly task part specification
Part ID

Description

Volume (cm3)

Disassemble
direction

1

Vice grip screw

1.15

+y

2

Vice grip

16.50

+y

3

Vice axle

10.13

+y

4

Vice lock

3.43

-z

5

Vice base

180.00

Figure 6.5

The vice disassembly task, before disassembly
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Figure 6.6

6.3.2

The vice disassembly task implementation environment

Results

For each step in the disassembly process, the disassembly step completion time
(DSCT) is recorded for each user. The DSCT is defined as the time required for a user to
finish a disassembly step, and is measured from the end of the prior disassembly step to
the successful disassembly of the current step. For the first disassembly step, the start is
defined as when the user's hand first enters the tracking range. By analysis of the mean
DSCT for each task, it is possible to identify which steps the users have the most issues
with by noting particularly high values. Figure 6.7 shows the stepwise and total mean
DSCT for the virtual vice disassembly.
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40

36.07

35

Mean DSCT (sec)

30
25
20.17

20
15
10

5.74

5

5.74

4.7

0
Virtual grip screw

Figure 6.7

Virtual grip

Virtual axle

Virtual lock

Total

Virtual vice disassembly task user testing results

From the results, we may find that the users spent the least time on disassembling
the vice grip, whereas they spent most of the time on disassembling the vice axle. Since
the vice grip has the largest volume, suggesting that it is easier for users to grab parts with
larger size. Conversely, the volume of the vice axle is larger than the vice lock and the
vice grip screw, but the DSCT is much higher than the smaller vice lock and vice grip
screw parts. This suggests that the profile of the part has an influence on the ease of
grabbing for users, and parts with thin, long profiles are harder to grab. Another reason
for the longer DSCT on disassembling the vice axle is that it is disassembled by user’s
left hand and had to be disassembled in a different direction compared to other parts.

6.4

Physical Vice Disassembly

6.4.1

Test Design

Physical vice is presented to the user, as shown in the left side of Figure 6.8. The
vice base serves as the foundation of the disassembly and does not need be disassembled.
The four parts to be disassembled, shown in the right side of Figure 6.8, from left to right
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are: vice grip screw, vice grip, vice axle, and vice lock. The four parts are lined up from
left to right, in the sequence of disassembly. The user is specifically asked to adhere to
the disassembly sequence same as the virtual vice disassembly scene, but without any
sequence reminder.

Figure 6.8

6.4.2

Real vice disassembly

Results

Figure 6.9 shows the stepwise and total mean DSCT for disassembling the physical
vice. Same as disassembling the virtual vice, the users needed more time to disassemble
the vice axle, since it is thin and long.
19.34

20
18

Mean DSCT (sec)

16
14
12
10
7.57

8
6
4

4.15

4.68
2.94

2
0
Physical grip screw

Figure 6.9

Physical grip

Physical axle

Physical lock

Total

Physical vice disassembly task user testing results
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Compare the virtual vice disassembly result to this result, although the mean DSCT
of the virtual vice disassembly is a little bit more than of the physical vice disassembly,
the magnitudes are similar and close enough to be in the same order. This indicates that
our AR-based disassembly training system is realistic and can serve as a training tool for
disassembling physical product.

6.5

Virtual Actuator Disassembly

6.5.1

Test Design

The second disassembly task consists of an actuator. The actuator base serves as the
foundation of the disassembly and does not need to be disassembled. The user is asked to
adhere to the disassembly sequence hint by color. Figure 6.10 shows the setup of the parts
in our system. Table 6.2 shows the part ID, description, and disassembly by hand or tool
for each part. Figure 6.11 shows the actuator before disassembly. Figure 6.12 shows the
implementation environment of the actuator disassembly task using our system.
Y
B

Z

A

X
C
1

3
4
2

Figure 6.10

Actuator disassembly task part notation
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Table 6.2 Actuator disassembly task part specification
Part ID

Description

Volume (cm3)

Disassembly way

Disassemble
direction

1

Actuator cover

33.13

Hand

-z

2

Actuator motor

74.13

Hand

-z

3

Actuator shell

142.72

Hand

+z

4

Actuator base

32.06

A

Actuator screw

0.27

Screw driver

+y

B

Actuator hex screw

2.68

Wrench

+y

C

Actuator pillar

1.00

Wrench

-z

Figure 6.11

Figure 6.12

The actuator disassembly task, before disassembly

The actuator disassembly task implementation environment
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6.5.2

Results

Figure 6.13 shows the stepwise and total mean DSCT for disassembling the virtual
vice. The DSCT includes the time that user grabbing and releasing tools. From left to
right are the 11 parts needed to be disassembled, in the sequence of disassembly. The total
mean DSCT is 188.23 seconds.

Mean DSCT (sec)

28

24.16

24
20

17.38

16

12.9

12

24.08

22.51

21.89

18.89

16.43

11.79

9.71

8.49

8
4
0
Screw 1 Screw 2

Hex
Hex
screw1 screw2

Figure 6.13

Cover

Pillar 1 Pillar 2

Motor Screw 3 Screw 4

Shell

Actuator disassembly task user testing results

From the results, we can find that the disassembly of the fasteners have longer DSCT.
This suggest that the users requires more time when using tools than using hands to
disassemble objects. On the other hand, some of the users said that they need more time
to disassemble the actuator shell it is disassembled in a different direction compare to
other parts.

6.6

System Performance Analysis
Jay and Hubbold (2005) discovered that as the visual update rate for computer

monitors for users in a VR environment drops below 30 frames per second (FPS), the
performance of the users completing a virtual task decreases consistently.
The FPS during system operation for the vice and actuator disassembly tasks are
shown in Table 6.3. Keeping an adequate frame rate is essential in maintaining the
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immersive experience for an AR disassembly system, and the system presented in this
research is capable of consistently performing above 40 FPS.
Table 6.3 FPS performance of the system
Vice FPS

Actuator FPS

Mean FPS

Mean

SD

Mean

SD

Mean

SD

43.56

8.58

59.50

6.39

51.53

9.15

This FPS study proves that our requirements of creating a robust disassembly system
were accomplished, and the innovative occlusion approach to be effective and not cause
substantial lag compared to other traditional approaches.

6.7

Subjective Analysis - Questionnaire Results
After completing the disassembly tasks, the users are asked to fill out a questionnaire.

The questionnaire contents are included in the appendices. A Likert Scale is used, with
the user ranking each question based on how strongly they agree with the statement from
1 to 7, with 1 representing strongly disagree, and 7 representing strongly agree. The
questionnaire is separated into two parts, the first part compares the user experience
between the virtual objects disassembly and the physical objects disassembly, and the
second part is a general system evaluation using the System Usability Scale (SUS)
analysis (Brooke, 1996).

6.7.1

Virtual and Physical Objects Disassembly Comparison Results

This part of the questionnaire is designed to evaluate the subjective user experience
during disassembling the virtual objects and disassembling the real objects. The user is
required to answer eight identical questions. The questions and the results of the
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questionnaire are shown in Table 6.4, and the questionnaire results in boxplot format is
shown in Figure 6.14.
Table 6.4 Questionnaire results, for virtual disassembly and physical disassembly
comparison
Mean

SD

5.0

1.12

Q2. The assembly operations in the augmented reality system is
5.2
realistic.

1.32

Q3. The assembly operations in the augmented reality system is
5.2
accurate.

1.06

Q4. The grabbing and moving of virtual objects in the augmented
4.4
reality system is stable and robust.

1.19

Q5. The assembly operations in the augmented reality system has
5.0
real-time reactions.

1.79

Q6. The assembly operations in the augmented reality system is
6.4
intuitive.

0.60

Q7. It is easy to use the augmented reality system to complete the
5.1
assembly operations.

1.02

Q8. I would want to use this augmented reality system again to
5.6
complete similar tasks.

1.15

Q1. The augmented reality system is easy to operate.
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7
6
5
4
3
2
1
0

Q1

Figure 6.14

Q2
Mean

Q3
Q4
Q5
Q6
Minimum/Maximum
Outliers

Q7
Median

Q8

Boxplot results for the virtual disassembly and physical disassembly
comparison part of the questionnaire

As shown in Table 6.4, the comparison results for the virtual disassembly and
physical disassembly reveals an average above 4 points, which indicates that users
perceive that operation using AR system is realistic and intuitive, and that users are
inclined to use our system to complete similar tasks again. The questionnaire results
indicate that the performance of the subjective metrics for our system has accomplished
the initial objectives of the research, to create an AR disassembly system which is realistic
and intuitive.

6.7.2

Occlusion User Experience Results

This part of the questionnaire is designed to evaluate the user experience concerning
the hand occlusion system. The user is required to answer four questions. The questions
and the results are shown in Table 6.5, and the questionnaire results in boxplot format is
shown in Figure 6.15.
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Table 6.5 Questionnaire results, for effects of occlusion
Mean

SD

Q9. The hand occlusion feature in the augmented reality system is
6.6
helpful.

0.60

Q10. The hand occlusion feature makes the augmented reality system
6.2
more realistic.

1.18

Q11. The hand occlusion feature makes the augmented reality system
6.6
more accurate.

0.69

Q12. The hand occlusion feature makes the augmented reality system
6.1
more intuitive.

1.21

7
6
5
4
3
2
1
0

Q9
Mean

Figure 6.15

Q10
Minimum/Maximum

Q11
Outliers

Q12
Median

Boxplot results for the occlusion part of the questionnaire

The results indicate that the users are generally satisfied with the hand occlusion
feature, assuring that the subjective performance of the hand occlusion system is adequate.
The users found that the hand occlusion feature is helpful, makes the system more realistic
and more intuitive.
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6.7.3

Tools, Instructions, and Training User Experience Results

This part of the questionnaire is designed to evaluate the user experience concerning
the implemented tools, instructions, and training system. The user is required to answer
four questions. The questions and the results are shown in Table 6.6, and the questionnaire
results in boxplot format is shown in Figure 6.16.
Table 6.6 Questionnaire results, for effects of tools, instructions, and training
Mean

SD

Q13. The use of physical hand, physical screw driver, and physical
6.3
wrench makes the augmented reality system more realistic.

0.97

Q14. The color changing feature in the augmented reality system is
6.9
helpful.

0.67

Q15. It is helpful for me to learn the disassembly steps by using this
6.6
augmented reality disassembly training system.

0.60

Q16. It is helpful for me to disassemble the products in the real
world after the disassembly training in the augmented reality 6.5
system.

0.51

7
6
5
4
3
2
1
0

Figure 6.16

Q13
Mean

Q14
Minimum/Maximum

Q15
Outliers

Q16
Median

Boxplot results for tools, instructions, and training part of questionnaire
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The results indicate that the users found that the use of physical hands and physical
tools feature is helpful, makes the system more realistic and more intuitive. And the color
changing feature is helpful when judging whether the object is being grabbed or not.
Lastly, the results show that after the disassembly training in the AR system, it is helpful
for the users to learn and disassemble the products in the real world. This indicated that
our system has accomplished the initial objectives of the research, to create an AR
disassembly training system which can improve the disassembly process in the real world.

6.7.4

System Usability Scale Analysis Results

The SUS is a method of evaluating the viability and subjective user experience of a
given system, using ten predetermined questions that are given to the user for evaluation
of the system regardless of the type of the system (Brooke, 1996). The results are
measured with a scale of 0 to 100, with higher scores representing better usability ratings.
An overall mean score of above 68 is considered to be above average (Tullis and Stetson,
2004). The original questionnaire uses a five-point scale, this research modified the scale
to seven-point scale since it is reported in past research that a seven-point scale is feasible
and offer better results (Meza and Berndt, 2014). The questions and the results of the
questionnaire are shown in Table 6.7. The questionnaire results in boxplot format is
shown in Figure 6.17.
The user is asked to answer these ten standardized questions after the user testing
process, in terms of their user experience when using our system. A Likert Scale is used,
with the user ranking each question based on how strongly they agree with the statement
from 1 to 7, with 1 representing strongly disagree, and 7 representing strongly agree.
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Table 6.7 Questionnaire results, SUS
Mean

SD

Q1. I think that I would like to use this system frequently.

5.2

1.04

Q2. I found the system unnecessarily complex.

2.6

1.27

Q3. I thought the system was easy to use.

5.6

0.76

Q4. I think that I would need the support of a technical person to be
4.0
able to use this system.

1.62

Q5. I found the various functions in this system were well integrated. 5.7

0.92

Q6. I thought there was too much inconsistency in this system.

2.7

1.23

Q7. I would imagine that most people would learn to use this system
5.6
very quickly.

1.28

Q8. I found the system very cumbersome to use.

2.7

1.23

Q9. I felt very confident using the system.

5.3

1.29

Q10. I needed to learn a lot of things before I could get going with
2.5
this system.

1.36
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Mean

Figure 6.17

Q4
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Q6

Minimum/Maximum

Q7

Outliers

Q8

Median

Q9

Q10

Boxplot results for the SUS part of the questionnaire

The AR disassembly system presented in our research scored an overall mean score
of 71.33, which shows that the performance of our system in terms of user experience is
adequate enough to be considered above average as it is higher than the mean score of 68
(Tullis and Stetson, 2004).
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Chapter 7

Conclusion and Future Work

This chapter provides a closing summary for our research. Section 6.1 provides the
conclusion for our research. Section 6.2 discusses the future work and possible
development for the system presented in our research.

7.1

Conclusion
In this research, we presented an immersive AR based disassembly training system

which integrates an intuitive hand-based direct object interaction, physics-based
disassembly logic, physical tools usage, and an innovative approach to solve occlusion.
The NUI-based interaction allows the user to use the disassembly system with minimal
training and uses natural hand interaction to perform virtual disassembly tasks.
The physics-based disassembly logic provides a flexible method to control the
disassembly of objects. The disassembly sequence is implemented. The innovative
occlusion handling approach provides a robust and accurate solution, while not having a
noticeable negative impact on frame rate, in comparison to traditional occlusion methods.
The various software and hardware components were well integrated, the multiple
coordinate systems are well unified, and the system performs at a robust frame rate, which
the user will not perceive visual lag.
By situating the Leap Motion device and the RGB camera onto the Oculus Rift, the
system is modified to be portable. The main issue of creating and updating the dynamic
coordinate transform between that of the Oculus Rift, Leap Motion, RGB camera, and the
AR marker which represents the real world is solved.
The system presented in this research may be purposed for disassembly task
planning and training, or conducting inquiries on user freeform habits, and be a valuable
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asset in reducing cost for physical mockups. The software design presented in this
research also serves as an inspiration for other developers in the integration of different
systems.
We conducted user studies with two disassembly tasks. The user testing revealed that
for completing disassembly tasks, the disassembly of the virtual objects in our system and
the disassembly of physical objects required similar scale of time for each component.
The questionnaire following the test revealed that the users found the NUI-based
interaction method is realistic, intuitive, and users would like to use the system again for
similar tasks. The questionnaire also revealed that users generally had a positive response
on the implementation of occlusion, tools and instructions, and SUS results suggest that
the usability of the system is above average. The questionnaire also revealed that users
thought the training of our system is helpful to learn the disassembly sequence and will
improve the process of disassembling the products in the real world.

7.2

Future Work
A possible venue to improve the system is to integrate a haptic feedback system. The

haptic feedback plays an important role in grabbing objects since users often rely on the
tactile to feel whether touch the objects or not. With this feature, users can have a more
realistic user experience.
Due to the flexibility of the software architecture of our presented system, a possible
venue of expansion is to repurpose the system for assembly tasks. This will require the
integration of assembly sequence logic.
Another venue is to include more instruction of the objects, such as object name,
descriptions, and disassembly explanations. With more information, users can be more
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familiar with the objects and the system can be expanded to a disassembly reminding
system.
By adding external devices such as Kinect, the interaction area can be larger. More
interaction ways such as scaling can be added. And the usage of tools can be more realistic
through adding constraints like the manipulation angle of the tool in real world to the
disassembly logic of tools.
The suggestions presented above will allow future work to build upon and improve
the system presented within this research.
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Appendix – Questionnaire
擴增實境拆卸訓練使用者測試
一、

背景資料

本問卷目的為調查使用者接觸擴增實境與產品拆卸的經驗，請您協助填答下列問
題，非常感謝您的協助。
1. 姓名_______________________
2. 請問您的年齡
□ 20 歲以下
□ 20 歲~30 歲
□ 30 歲~40 歲
□ 40 歲~50 歲
□ 50 歲以上
3. 請問您的性別
□ 男
□ 女
4. 請問您的慣用手是
□ 右
□ 左
5. 請問您的最高學歷
□ 高中
□ 大學
□ 研究所以上
□ 其他
6. 請問在您的日常生活中，進行物件拆解與組裝的頻率為何?
□ 幾乎沒有
□ 一個月至少有一次
□ 每半年至少有一次
□ 一年至少有一次
□ 其他
7. 請問您是否曾經體驗過任何擴增實境(AR)的應用?
□ 有
若有，請簡述
□無
_______________________________________________________
8. 請問您是否曾經體驗過任何虛擬實境(VR)的應用?
□ 有
若有，請簡述
□無
________________________________________________________
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二、

擴增實境拆卸訓練流程使用者測試

第一部分：虎鉗
1. 在拆卸訓練正式開始之前，會先進行一個三分鐘的練習。
2. 進行練習模式前，協助受測者完成相關設定，如:配戴頭戴式顯示器。
3. 在練習模式開始之前，會與受測者確認影像顯示是否清晰，並再次確認使用
者了解操作方法。
4. 練習模式開始之前，會像受測者介紹各功能的使用與拆卸順序。
5. 在練習時間內，請受測者重複練習剛剛講解過的拆卸步驟，可進行多次練習
(例:拆卸物件、使用工具)，並確認受測者完全了解操作方法。
6. 練習結束後，進入正式測試模式。請受測者再次重複拆卸流程，並且記錄每
個零件拆卸所需的時間。
7. 進行正式測試前，請告知受測者盡可能快速且精確的完成指定的工作。
8. 先進行虛擬的拆卸再進行實際的拆卸。
9. 依照下表記錄受測者完成該工作的時間。
 拆卸時間紀錄表
虎鉗
Virtual

Real

Screw
測試時間
(Sec)

Grip
Axle
Lock
總計

第二部分：致動器
1. 在拆卸訓練正式開始之前，會先進行操作示範及講解拆卸順序。
2. 依照下表記錄受測者完成該工作的時間。
3. 結束後請使用者填寫使用者評估問卷。
 拆卸時間紀錄表
致動器
Screw 1 & 2
Hex screw 1 & 2
Cover
測試時間
(Sec)

Pillar 1 & 2
Motor
Screw 3 & 4
Shell
總計
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三、

測試後問卷

第一部分：使用者評估問卷
7 = 非常同意；6 = 同意； 5 = 略同意；4 = 中立;
3 = 略不同意；2 = 不同意；1 = 非常不同意

1

2

3

4

5

6

7

我覺得此擴增實境系統是易於操作的
The augmented reality system is easy to operate.
我覺得擴增實境中的拆卸操作方式是接近真實的
The disassembly operations in the augmented reality
system is realistic.
我覺得擴增實境中的拆卸操作方式是準確的
The disassembly operations in the augmented reality
system is accurate.
我覺得擴增實境中虛擬物件的抓取與移動是穩定
且流暢的
The grabbing and moving of virtual objects in the
augmented reality system is stable and robust.
我覺得擴增實境中的拆卸操作方式是沒有延遲的
The disassembly operations in the augmented reality
system has real-time reactions.
我覺得擴增實境中的拆卸操作方式是直覺的
The assembly operations in the augmented reality
system is intuitive.
我覺得能輕鬆且簡單的使用擴增實境系統來完成
拆卸流程
It is easy to use the augmented reality system to
complete the disassembly operations.
我會想要使用這個擴增實境系統來練習類似的工
作
I would want to use this augmented reality system
again to complete similar tasks.
我覺得遮蔽處理有助於擴增實境系統的使用
The hand occlusion feature in the augmented reality
system is helpful.
我覺得遮蔽處理讓擴增實境系統更接近真實
The hand occlusion feature makes the augmented
reality system more realistic.
我覺得遮蔽處理讓擴增實境系統更準確
The hand occlusion feature makes the augmented
reality system more accurate.
102

doi:10.6342/NTU201600717

我覺得遮蔽處理讓擴增實境系統在使用上更直覺
The hand occlusion feature makes the augmented
reality system more intuitive.
我覺得用手、螺絲起子和板手的操作會使擴增實
境系統更接近真實
The usage of hand, screw driver, and wrench makes
the augmented reality system more realistic.
我覺得與擴增實境系統互動時有顏色變化是有幫
助的
The color changing feature in the augmented reality
system is helpful.
我覺得此擴增實境系統有助於熟悉拆卸步驟
It is helpful for me to learn the disassembly steps by
using this augmented reality disassembly training
system.
我覺得經過此擴增實境拆卸系統訓練後，對於拆
卸真實的產品是有幫助的
It is helpful for me to disassemble the products in the
real world after the disassembly training in the
augmented reality system.
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第二部分：System Usability Scale
1: Strongly Disagree, 7: Strongly Agree
1

2

3

4

5

6

7

1. I think that I would like to use this system frequently.

2. I found the system unnecessarily complex.

3. I thought the system was easy to use.
4. I think that I would need the support of a technical person
to be able to use this system.
5. I found the various functions in this system were well
integrated.
6. I thought there was too much inconsistency in this
system.
7. I would imagine that most people would learn to use this
system very quickly.
8. I found the system very cumbersome to use.

9. I felt very confident using the system.
10. I needed to learn a lot of things before I could get going
with this system.

如您對本次實驗內容有任何意見或想法，請於下欄填寫，謝謝!
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