
 ..
‘

5
A
l
l
I

i
4
"

k

$
3
4
5
3
4
.
.
.
.
3
1
.

g
i
g
s
}
:
.
R
.

3
2
1
3
.
.
.
.

.
.
\

.
x

E
l
i
-
1
7
“
.
“
.

a
.
.
.

1
:
.
.
.

2
i
i

o
s

r
s
v

.

1
)
.
.
.
.

.
2
.
.
.

3
1
2
.
2
3
.

r

2!$5.,

1

r,
.

“
d
i
r
t
!

.
0
4
1

6
)
.

_.
..

c
u
m
.

w

a
a

F
.

r
.

..
$
5
.
.

W
.
u
z
x
u
v
w
z
u
fl
fl
l
.
.
.

4
3
1
.
1

9
.

 

 
 



 

W” LIBRARY

.2 Michigan State

:. c ' University    

This is to certify that the

dissertation entitled

CALIBRATION OF OPTICAL SEE THROUGH HEAD

MOUNTED DISPLAYS FOR AUGMENTED REALITY

presented by

JI ZHOU

has been accepted towards fulfillment

of the requirements for the

  

 

 

Ph. D. degree in Computer Science and

_/ Engineering

’/ PD ”/7

-,/ /__

Xxx-“’“T I Wjor Professor’s‘Signatu're;

/ Z " / ‘f’ 2:20 7

Date

MSU is an affirmative-action, equal-opportunity employer

.
.
.
-
.
-
.
-
o
-
-
-
-
o
-
-
n
-
-
-
n
-
u
-
u
-
¢
-
t
-
o
-
n
-
-
n
-
-
-

’
o
-
u
-
1
-
.
-
t
-
I
-
l
-
l
-
O
-
O
-
l
-
I
-
0
-
I
-
O
-
I
-
'
-
I
-
O
-
O
-
I
-
C
-
O
-
O
-
I
-
I
-
l
-
Q
-

A



PLACE IN RETURN BOX to remove this checkout from your record.

To AVOID FINES return on or before date due.

MAY BE RECALLED with earlier due date if requested.

 

DATE DUE DATE DUE DATE DUE

 

 

 

 

 

 

 

 

 

     
 

6/07 p:lClRC/DateDue.indd-p.1

 



CALIBRATION OF OPTICAL SEE THROUGH HEAD MOUNTED

DISPLAYS FOR AUGMENTED REALITY

By

Ji Zhou

A DISSERTATION

Submitted to

Michigan State University

in partial fulfillment of the requirements

for the degree of

DOCTOR OF PHILOSIPHY

Department of Computer Science and Engineering

2007



ABSTRACT

CALIBRATION OF OPTICAL SEE THROUGH HEAD MOUNTED

DISPLAYS FOR AUGMENTED REALITY

By

Ji Zhou

Optical See-Through Head-Mounted Displays (OSTHMDs) superimpose

computer-generated imagery on the user’s view to enhance the user’s visual perception

and task performance in the Augmented Reality (AR) applications. Calibration is a

crucial step for OSTHMD-based AR systems to achieve the required accurate

registration between the virtual and physical objects in the composite environment

presented to the user. The OSTHMD calibration is a challenging problem because of the

complexity of handling the indispensable human factors in the computational model and

operational procedure. The existing techniques are either unstable or inaccurate because

of excessive dependence on the user procedure or lack of user adjustment design.

This dissertation presents the Display Relative Calibration (DRC) method, a flexible

two-phase technique which provides an effective solution to satisfy the accuracy and

usability requirements for the OSTHMD calibration. The DRC method is based on a

virtual camera model which establishes the computational relationships of the OSTHMD

imaging system involving the user’s eyes. The analysis of the virtual camera parameters



allows the design of a two-phase approach which gives a close estimation of all

parameters in the first phase and refines the user-dependent parameters in the second

phase. To produce stable results without relying on the user performance, the DRC phase

I involves no user interaction by using a calibrated camera in place of the user’s eye. The

DRC phase 11 provides multiple options of user procedures to accommodate different AR

applications and user groups. This dissertation also describes the implementation of the

DRC virtual camera model and presents analyses of the sensitivity and errors.

Furthermore, an experimental user study is conducted to evaluate the performance of the

DRC method in contrast to the existing OSTHMD calibration techniques. The design

and results of this experiment are described in detail.
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Chapter 1 Introduction

Optical See-Through Head—Mounted Display (OSTHMD) is an image compositing

device widely used in Augmented Reality (AR) applications to enhance the user’s visual

perception with computer-generated imagery. Most AR applications demands accurate

registration, which implements spatial and visual consistency between the augmented

virtual elements and the physical scene. The OSTHMD calibration is a crucial step for

OSTHMD-based AR systems to achieve registration.

This chapter presents an introductory overview of the OSTHMD calibration for AR,

including the concepts and techniques of AR, the OSTHMD-based AR systems, the AR

registration requirements, and the motivations of the OSTHMD calibration. The thesis

statement and a brief summary of the research contributions are also given in this

chapter.

1.1 Background

The OSTHMD calibration is used for the implementation of AR systems and

applications. To better understand this problem, it is necessary to introduce the concepts,

components and techniques of the AR and the registration requirements for AR.

1.1.1 Augmented Reality

Augmented Reality (AR) refers to computer systems which supplement a user’s



sensory perception with computer-generated elements [1-3]. As a variation of Virtual

Reality (VR), AR presents the user a composite environment with coexisting virtual and

physical elements instead of a complete computerized synthetic world produce by a VR

system[4]. Although AR is a generic human-computer interaction paradigm which can

be applied to any human sense such as vision [5], hearing [6, 7], touch [8] and even

smell [9], most AR research and applications have been focused on vision augmentation

which overlays computer-generated graphics or text on the human user’s view of the

surroundings. A typical vision-based AR system superimposes graphical objects into the

user’s visual field such that the user observes the virtual and physical objects

simultaneously. Figure 1.1 shows a composite View presented by an augmented vision

system where the physical objects are superimposed with graphical elements. Without

special note, the AR system mentioned in this thesis always refers to vision-based AR.



 
Figure 1.1 An AR composite view with coexisting graphical elements and real objects

By supplementing the user’s vision with computer—generated information, AR

systems can enhance the user’s situational awareness [10], improve the task performance

[11] and support better interaction with the surroundings [12]. AR provides numerous

possibilities for new types of computer-human interaction and richer user experiences [3,

13-15]. AR has been applied to many applications in different fields such as medical

visualization [16-18], industrial planning and manufacturing [19-24], battlefield

operation support [25-27], aircraft pilot display [28-32], media [33, 34] and

entertainment [35, 36].



1.1.2 AR Registration

In an AR system, it is essential to maintain visual and spatial consistency between the

virtual elements and the real-world objects in the composite view observed by the user.

This requirement is referred to as AR registration, which is crucial for an AR system to

be successful. The AR registration must be maintained continuously, even when the user

is moving or looking around. When the user’s position or viewing direction is changed,

the virtual objects rendered by the AR display must be accordingly updated such that

they look the same as their physical counterparts. If the augmented virtual elements are

spatially static or “floating around” upon the real objects, such an AR system cannot

provide more information than a normal computer monitor display can do. The AR

registration enables the virtual elements to be seamlessly integrated with the physical

environment. Most AR applications demand accurate registration, especially for the

medical or military applications where the registration is critical for the system user.

1.1.3 Components and Techniques

As shown in Figure 1.2, a typical AR system is composed of three major enabling

components: tracking, rendering and compositing. The achievement of AR registration

depends on proper implementation and configuration of these components and the

relevant techniques.



 

Workspace
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Figure 1.2 Components of a typical HMD—based AR system

In AR systems, the registration is implemented dynamically in accordance to the

user’s location and viewing direction such that the rendered imagery can be updated

when the user moves or looks around. To obtain the real-time position and orientation of

the user’s eye, a tracker is usually mounted on the user’s head or the Head-Mounted

Display (HMD). The tracker cannot directly track the user’s eye point, but such

information can be obtained by combining the tracker data and the tracker calibration

data which gives the rigid transformation between the tracker and the user’s eye. Azuma

discusses the tracking requirements for AR, including high-accuracy, low latency, and



long working range [37]. For outdoor AR applications, GPS or vision-based tracking can

be applied [36, 38, 39]. The trackers used in AR systems can be built with various

technologies including inertial sensing, magnetism, acoustics, optoelectronics, and

mechanical linkages [40-42]. Different trackers provide different levels of precision in

their applicable environments. Vision-based camera tracking has been widely used in AR

applications because of its simple setup and decent accuracy [43-46]. Based on

whether fiducials are used, vision-based tracking can be categorized as fiducial tracking

[47-49] and markerless tracking [50-54].

The rendering module generates the imagery supplemented to the user’s view. The

produced imagery can be any graphics or text, but most AR applications produce 3-D

image such that the user perceives a composite environment with coexisting graphical

virtual objects and physical objects. When properly configured with correct

computational model and rendering parameters, the 3-D imagery can be seamlessly

integrated into the user’s view of the surroundings such that the perceived 3-D virtual

objects look as if they are part of the actual scene. To achieve this goal, the 3-D

rendering module needs to simulate the human eye’s viewing process and visual

perception. A variety of 3-D graphics Application Programming Interfaces (APIs) can be

used for AR rendering and OpenGL [55, 56] has been a popular and versatile 3-D API

supported by many graphics hardware and systems. OpenGL converts 3D elements to

display graphical primitives by utilizing a series of modeling, viewing and projection



transformations to simulate the view of a camera or human eyes [57, 58]. For the AR

system under investigation, these transformations and the relevant parameters can be

defined by establishing a computational model for the imaging process. When all the

required parameters are determined by calibration or by tracker data, the computational

model of the AR system can be implemented using OpenGL to render the 3-D imagery

which satisfies the registration requirements.

Compositing refers to the imaging devices and processes which combine the

computerized and physical elements to present the user an integrated view in AR systems

[59]. Categorized by the compositing techniques, the AR systems include See-Through

Head-Mounted Display (STHMD)-based [4], monitor-based [22, 60] and

projection-based [61-64]. Patick et al. conduct an empirical study to investigate

differences in spatial knowledge learned for a virtual environment presented in STHMD,

projection screen, and desktop-monitor [65]. STHMDs are more popular and utilized in

more AR systems and applications because the STHMDs are more intuitive and flexible.

The concept of the STHMD has been initiated by E. Sutherland, a pioneer in computer

graphics, HMD and AR research, as “presenting the user with a perspective image which

changes when he moves” [66].

There are two types of STHMDs, including Video See-Through Head-Mounted

Displays (VSTHMDs) [67-69] and Optical See-Through Head-Mounted Displays

(OSTHMDs) [70-73]. As their names implies, OSTHMDs rely on optical merging



mechanism such as a “half-silvered” mirror to combine the virtual and physical scene,

while Video See-through HMD uses digital video technique to combine two video

streams, one generated by computer and another coming from a video camera mounted

on the user’s head. Azuma and Rolland et 3]. compare the advantages and disadvantages

of OSTHMDs and VSTHMDs [3, 70]. OSTI-IMDs have many advantages over

VSTHMDs and other AR displays in that the OSTHMD user can view the real scene

without added latency and there is no limitation for the resolution of the view of the

physical environment [24, 70].

1.1.4 OSTHMD Calibration

Regardless of the many advantages, OSTHMDs have not shown extensive utilization

and development for AR systems and applications as would be expected. One of the

major technical challenges for OSTHMD systems is the calibration, which determines

the computational model of the OSTHMD-based AR system and initializes the required

parameters to achieve spatial registration of augmentations. Whereas the video

combining approaches used by monitor-based and VSTHMD-based AR systems allow

for direct capture and analysis of the registered scene, OSTHMDs present the combined

image to the retina of the user’s eye. As shown in Figure 1.3, an OSTHMD typically

utilizes a beam combiner, i.e. a half-silvered mirror, for combining virtual and physical

scenes. When placed in front of the eye, the beam combiner reflects the

computer—generated image into the user’s line of sight, and also allows lights from the



surrounding environment to pass through. The OSTHMD’s lens system transforms the

rays of the miniature LCD screen to form a virtual display converged with proper size at

a comfortable distance. The combination and registration of the virtual and physical

scenes are observed by the specific OSHMD user. Due to the discrepancy of the eye

position, different user of the same OSTHMD system might experience variance of the

combined scene. A stereo HMD view can be achieved if separate imaging systems and

corresponding computer graphics are provided for each eye.

    
  
  

LCD Screen

Virtual Scene /

Eye

4 ea! Scene

¢

‘

Half Mirror

Figure 1.3 Conceptual imaging system of OSTHMD

The OSTHMD calibration establishes and solves the computational model for the

above imaging process such that the rendered virtual scene is properly aligned with the

real scene. The special optical design of OSTHMDs makes the calibration difficult

because the actual combined scene cannot be accessed and user interaction is required to

indicate the registration observed by the user. Compared with camera calibration, the



OSTHMD calibration is more challenging because of the complexity of handling the

user factors together with system computation in the design and implementation of the

calibration method. Many OSTHMD-based systems need to be calibrated such that the

registration between virtual and real objects can be achieved with reasonable accuracy

suitable for the applications and the users.

1.2 Motivation

Extensive research has been conducted on the OSTHMD calibration problem ([45,

74-79] to cite a few). However, as far as registration accuracy and usability are

concerned, the existing approaches still have considerable drawbacks and ignored issues

which require further investigation. This thesis seeks to provide correct explanations and

effective solutions to the following questions which have not been properly resolved in

the previous work:

1) Since the user is an indispensable part of the viewing process, how can we

establish a computational model of the OSTHMD imaging system to take into account

the user factors and to support a reasonable solution?

Many existing calibration methods treat the OSTHMD imaging system and the user’s

eye together as a whole camera model for calibration. This kind of approach is

straightforward but the role of the user’s eyes in the computational model is usually

unclear or ignored. Without knowledge of how the user’s eyes work in OSTHMD

10



viewing process, the existing approaches usually fail to properly handle the user factors

in the calibration procedure. It is necessary to conduct further investigation on the

OSTHMD computational model based on analyses of the use’s eyes and the relevant user

factors in the calibration process.

2) What would be the best way to solve the user-dependent OSTHMD

computational model without resorting to complicated user procedure or excessive user

efforts?

Most existing OSTHMD calibration approaches require complicated user procedure

because there are large numbers of unknown parameters to be solved. Meanwhile, the

unstable user performance makes the calibration results unreliable. An effective solution

is to reduce the number of unknown parameters, i.e. degrees of fieedom (DOF), which

demands an in-depth Study on the computation and the user procedure design.

3) Is it possible to design a reliable user procedure which works for most

OSTHMD users, even those having difficulties to complete calibration? Meanwhile, can

we make the calibration method versatile such that different users can reach their

expected registration accuracy through similar operational steps?

It is important for the OSTHMD calibration to always reach acceptable time rather

than unusable data, while some existing methods might fail due to data error caused by

poor user performance. To avoid calibration fail, a possible solution is to design a

11



two-step approach which seeks to improve an acceptable calibration results instead of

pursuing calibration from scratch. Meanwhile, most existing calibration methods are not

suitable for all the users due to the static design of user procedure. To make the

calibration flexible, an option is to design multiple user procedures such that the user can

choose the suitable one.

4) How can we estimate the registration accuracy and evaluate the performance of

an OSTHMD calibration method?

In most previous research work, there is no theoretical analysis of the calibration

accuracy to be expected. The estimation of the accuracy depends on the system and user

errors as wells as the computational limitations. These analyses are necessary for an

OSTHMD calibration method to be successful. Meanwhile, very few user studies have

been conducted to comparatively evaluate the performance of an OSTHMD calibration

method in contrast to other techniques. Considering that both registration accuracy and

usability are essential for the OSTHMD calibration, the evaluation should be an

experimental study including comparable measurements ofuser operability.

1.3 Problem Definition

The OSTHMD calibration problem is challenging due to the following human factors

introduced by the OSTHMD system:

12



1) Both the registration and the imaging are user-dependent processes related to

the user’s eye position and viewing direction. The same point on the OSTHMD image

plane might overlay on the different world positions for different users.

2) There is no way to directly access the virtual image plane observed by the user.

The registration data required for calculating the calibration parameters can only be

indicated by the user himself/herself for the best accuracy.

Taking into account the above human factors, the design of OSTHMD calibration

should satisfy the requirements for both registration accuracy and usability, including the

following criteria:

1) Accurate: The image rendered using the computational model and the

calibration results should be precisely registered with the physical counterparts in the

user’s view.

2) Simple: The calibration algorithm can be easily implemented. The system setup

should be simple without any special hardware involved.

3) User-adjustable: The user interaction should be included in the calibration

procedure and the solved parameters should be adjustable for a specific user.

4) Reliable: The calibration should not excessively depend on the user procedure

to avoid unreliable results due to user performance.

5) Flexible: The user procedure should be flexible to accommodate different user

groups and applications. Variable options should be available such that an inexperienced

13



 

user can obtain acceptable accuracy using a simple approach while a professional user

can achieve very accurate registration using a more complicated schema.

The goal of the OSTHMD calibration problem is to present an effective calibration

method which satisfies the above criteria. There are two tasks to be fulfilled: First, to

establish and solve a computational model for the OSTHMD imaging system such that

the AR registration can be achieved, and next, to design and implement a user-friendly

operational scheme and the relevant computation processes. To help the readers

implement the proposed method in their applications, the presentation of the proposed

method should be algorithm-oriented including the system setup, detailed steps, and the

implementation. Furthermore, a user experiment is necessary to evaluate the

performance of the proposed method and compare it with the existing techniques.

1.4 Thesis Statement and Contributions

The following statement will be explained and proved in this thesis:

To solve the 0STH.MD calibration problem, it is crucial to consider the userfactors

when establishing the computational model and designing the operational procedure. By

properly integrating the user into a virtual camera model, the Display Relative

Calibration (DRC) methodproposed in this thesis provides eflective and accurate results

using a two-phase approach. The DRC method produces a close estimation using a

calibrated camera in place of the user 3‘ eye and allows the user-dependent parameters

14



to be refined through user procedure. With supporting of optional multiple user

procedures, the DRC method is suitable for various OSTHAlD-based AR systems and

dzfi'erent users.

This thesis makes the following contributions to the research and development of

OSTHMD-based AR:

1) This thesis presents Display Relative Calibration (DRC), an effective and

flexible calibration method suitable for various OSTHMD-based AR applications and

different users. Compared with the existing approaches, DRC is unique because it is the

only OSTHMD calibration method which demonstrates good performance in both

accuracy and usability. By supporting simplified operational procedures and accurate

calibration results, the DRC method is expected to promote the utilization of the

OSTHMD systems for AR applications.

2) The two-phase strategy used in DRC which combines offline image-based

computation and online user procedures is an innovative and effective solution to

OSTHMD calibration. This design is different from the widely-used two-stage

algorithms and the same idea might be applied to other similar problems which are

involved with the user factors.

3) The design of multiple user procedure options in DRC is also a first of its kind

creation which provides the user the flexibility to choose the most suitable procedure

based on application requirements or user groups. On the contrary, the existing
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approaches support only a single fixed user procedure, which limits their applicable

applications and users.

4) The modeling and computation of the OSTHMD curved image plane benefit

both optical designer and HMD system developer. This is the first research to investigate

and detemrine the characteristics of OSTHMD virtual image plane because most

previous work assumes a flat image plane and ignores the errors introduced by optical

aberration.

5) The conducted user study takes more user subjects than any other previous

experiments. Thus, the experimental results are more effective in revealing the

relationships among the registration accuracy, the completion time and the task load of

the investigated OSTHMD calibration procedure. Such information would be helpful for

the design of the user interaction in the OSTHMD calibration.

1.5 Outline

The remainder of this thesis is organized as the following:

Chapter 2 reviews the existing OSTHMD calibration approaches, which can be

categorized as offline and online methods based on whether active user interaction is

involved. The methods in each category are further classified into and their advantages

and drawbacks are described.

Chapter 3 presents the computational model for the OSTHMD imaging system and
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viewing process based on the registration requirements ofAR.

Chapter 4 introduces the first phase of the new two-phase DRC method. The DRC

phase I solves the parameters of a virtual camera model which uses a calibrated in place

of the user’s eye. The OSTHMD virtual image plane is also calibrated in this phase using

triangulation.

Chapter 5 describes the phase II of the DRC method which solves the user-dependent

parameters of the virtual camera model using multiple options of DRC phase 11. These

options provide different levels of accuracy and user efforts to satisfy requirements of

different AR applications and user groups.

Chapter 6 provides details to implement the established OSTHMD computational

model and also gives a sensitivity analysis which estimates the registration error ranges

due to the user’s eye offsets.

Chapter 7 analyzes the major sources of errors related to the OSTHMD calibration to

give an estimation of the registration accuracy that can be expected.

Chapter 8 discusses options to Optimize the OSTHMD calibration, including

computational methods and user interface design.

Chapter 9 describes the user experiment which evaluates the accuracy and usability of

the proposed DRC method in contrast to other selected calibration methods. The
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experimental design, system setup and the procedure are given in details. The experiment

results are analyzed using statistical methods.

Chapter 10 concludes the research results and proposes the topics for future research.
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Chapter 2 Related Work

This chapter reviews the existing approaches of the OSTHMD calibration and

summarizes the advantages and drawbacks of these methods. Based on whether the user

interaction is required, the existing OSTHMD calibration methods can be categorized

into offline and online approaches. Online calibration method requires certain user input

or interaction during the calibration procedure while offline can be done without any user

participation.

2.1 Offline Methods

User interaction is usually not required for the offline approaches because the

parameters are obtained either by directly measurement or by calibrating a camera

located in the eye position of the OSTHMD. Without user interaction, the offline

methods are simple and fast but usually unable to reach very high accuracy since they

cannot reproduce the exact viewing process experienced by the user. The offline methods

include the following approaches:

1) Offline calibration without user interaction

Gao et a1. [80] use a calibrated camera to simulate human eye and compute the

parameters of the OSTHMD imaging system based on the point correspondences

extracted using image-based feature detection algorithms. Involving no user procedure,

this kind of approaches is fast but actually incomplete because the results are inaccurate
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and unadjusted for a specific user.

2) Measuring eye position using special hardware

Caudell’s method [19] uses a special registration frame kinematically mounted with

the display to measure the user eye position. Summers et a1. [81] estimate the center point

on the OSTHMD glasses as the eye position. With the help of specially-designed

calibration hardware, the user’s eye position can be measured through a simple user

procedure. These techniques cannot achieve high accuracy because other parameters such

as the image center and the focal length are not calculated and adjusted for each user.

2.2 Online Methods

In online calibration methods, the user is usually required to perform alignment of the

virtual and real points or other kind of operations such that the collected data can be used

to solve the virtual camera model. Therefore, if the user can provide fairly precise point

correspondences, the online methods can adapt different users to the display and provide

much more accurate calibration results than those obtained by offline methods. The

disadvantage of this category is that the user interaction methods used to collect point

correspondence are usually complicated, especially for those inexperienced users. Based

on the alignment schemes for collecting virtual-real correspondences, the online methods

can be further divided into the following types:

1) Static alignment

These methods require the user to keep the head still during the user procedures which
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usually request the user to align the perceived virtual points, which is not a simple task

without help from external tool such as a head rest or a bite bar. The calibration results

may be unstable when the user’s head is moved. Klinker et a1. [82] compute the offset

from the use’s eye to a tracking camera. The user is requested to indicate misregistration

by drawing lines from the observed markers to the real ones. A head rest is used to keep

the head still during the procedure. Oishi et al. [79, 83] calibrate the transformations

caused by the mechanical misalignments and displacement of the user’s eye. The user is

required to align and record the position of a virtual cursor on a movable plate. In the

calibration method by Hua et a]. [84, 85], the user needs to align a large number of

observed image point with their corresponding points on a calibration frame.

2) Dynamic alignment of virtual-world objects

These techniques require the user to dynamically align a custom virtual object with

their physical counterpart. Although there is no need to keep the head still, the user

procedure is usually complicated and hard to accomplish. McGarrity et a1. [74] propose

an interactive scheme to dynamically estimate the parameters by using mouse to align the

image points with their corresponding physical points. The method by Grassat et a1. [86]

requests the user to match a fixed image to the real object by moving the head. Azuma’s

method [87] requires the user to perform boresight operations to calibrate the

transformation from the tracker to the eye and the field of view (FOV).

3) Dynamic alignment of virtual-world point correspondences

The methods in this category request the user to align a number of virtual image
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points with the physical points such that the calibration parameters can be solved based

on the collected point correspondences. The accuracy calibration results might be

unstable due to the excessive dependence on the user’s alignment performance. The

requirement of the large number of alignments makes the user procedure tedious and

fallible. Janin [20] combines direct measuring the transformation and projection

parameters using instruments and an optimization procedure in which twenty calibration

points are manually matched to a fixed virtual crosshair. Tuceryan et al. [88, 89] propose

the Single Point Active Alignment Method (SPAAM), which requests the user to move

the head to align different 2D virtual markers with a single fixed world point. SPAAM is

a popular OSTHMD calibration method because the procedure is straightforward. At least

6 point correspondences are required to solve the virtual camera model of the OSTHMD

imaging system. Gene et al. propose several extensions to the original SPAAM, including

a stereo calibration method [90], an approach using a vision-based tracker [45] and a

two—stage method [91]. Baillot et a1. apply the SPAAM calibration to mobile AR

platforms when the transformation from world to base is unknown [92]. Fuhrmann et a1.

[75-77] proposed stylus-based calibration, in which the user aligns a virtual marker with a

real marker on a tracked stylus. The advantage of the stylus-based approach is that the

manual dexterity of the hands is considerably greater than that of the neck. A similar

approach proposed by Kato et al. uses vision-based tracking to capture point

correspondences [49].

2.3 Summary

An effective OSTHMD calibration algorithm should achieve accurate registration for
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each specific user without excessively relying on the performance user procedure. Both

the offline and online calibration methods have their advantages and disadvantages, but

an obvious fact is that the offline approaches are apt to increase user operability and the

online approaches prefer accuracy. Thus, none of the existing OSTHMD calibration

approaches can reach the requirements of both accuracy and usability.

Ideally, the offline and online methods should be combined into a two-stage adaptable

calibration approach, like the two-stage method proposed by Gene et al. [91]. But Gene’s

method is actually an extension of SPAAM calibration [89], which only decreases the

number of required point correspondences but still needs considerable user interaction.
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Chapter 3 Computational Model

The goal of OSTHMD calibration is to establish and solve a computational model

which can be implemented by rendering software to generate imagery for achieving AR

registration. Besides the AR registration requirements, the established OSTHMD

computational model should be implemented by the OSTHMD rendering module to

generate the expected imagery. The computational model proposed by Robinett et a1. [93]

[94] is complicated but it is hard to be implemented using generic graphics software.

Accurately modeling the OSTHMD imaging process is a prerequisite to the success of

calibration. This chapter describes the establishment of the OSTHMD computational

model. The OSTHMD imaging system and viewing process are analyzed to embody the

registration requirements which are the basis of the computational model. The OSTHMD

optical model is explained to account for the special feature of the OSTHMD virtual

image plane. Based on these analyses, a virtual camera model is created to model the

OSTHMD imaging system composed of the user’s eyes and the OSTHMD optics.

3.] Imaging System and Viewing Process

Figure 3.1 illustrates a conceptual diagram of the imaging system of a typical

OSTHMD. A 3-D virtual object perceived by the user is rendered as a 2-D image on a

miniature LCD screen using 3-D graphics library such as OpenGL [55, 57]. The

OSTHMD optical system transforms the rays of the LCD screen to form an enlarged

virtual image plane which converges at a certain distance in front of the user's eyes. This
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virtual image plane is designed as a flat rectangle plane which looks half-transparent to

the user. Compared with the original LCD screen, this virtual image plane keeps the same

number of pixels in both horizontal and vertical dimensions but the distance between

adjacent pixels becomes larger. The special design of the OSTHMD imaging system

enhances the user’s visual experience by allowing the user to observe the real scene

overlaid with the 3-D virtual (graphical) objects.

Real Object overlaid

2-D Image of the virtual Object with virtualobject
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Figure 3.1 Imaging system and viewing process of OSTHMD (monocular configuration)

As shown in Figure 3.1, the 3-D virtual objects perceived by the user are displayed as

2-D imagery on the OSTHMD virtual image plane. To achieve registration between a

virtual and physical object, the 2-D imagery of the virtual object must exactly overlay on

its physical counterpart such that it looks the same as the 2-D imagery of the physical

object observed from the user’s eye. In most 3-D graphics libraries including OpenGL,

the viewing system of the human’s eye can be equivalently modeled as a virtual camera
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with perspective projection. To satisfy the registration requirements, the OSTHMD

rendering system must precisely reproduce the same modeling, viewing and projection

transformations as experienced by the user’s eye, including the following conditions:

1) The point coordinates of a virtual object must be the same as those of their

physical counterparts relative to a same predefined world coordinate system.

2) The center of projection and the viewing direction of the virtual camera must be

the same as those ofthe user’s eye.

3) The intrinsic parameters of the virtual camera define the same viewing volume

as the one established by the user’s eye.

3.2 Optical Model

The above description is based on paraxial analysis which assumes a constant focal

length and a pure flat virtual image plane. Actually, as shown in Figure 3.2, the field

curvature of the concave mirrors typically used in the OSTHMD results in a shortening of

the effective focal length as the distance from the center to the virtual image plane

increases. Note that the theoretical focal length of a concave mirror f0 =§ (R is the

radius of the curvature) only holds for paraxial analysis which assumes an infinitesimally

small aperture and only applies to a bundle of rays close to the optical center. According

to [95], the focal length affected by the field curvature can be given as:

=_1:__(1+K)r2 _(1+K)(3+K)r4 _

f 2 4R 16R3

 (3.1)
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where r = (ix2 + y2 is the radial distance from a point on the mirror to the optical axis,

R is the radius of curvature, and K is the conic constant of the conic section, K = —e2 (e

is the eccentricity). Considering the variation of the focal lengthf, the depth value 2 of the

virtual image plane can be expressed as:

2s 2 4 (1 + K)

2:2 +———-r — -r —...

° (re—25f (R—2s)2R2 (3'2)

 

where s is the distance from the object to apex and 20 is the depth computed from the
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Figure 3.2 OSTHMD optical geometry with field curvature
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Thus, the depth ofpoints on the virtual image plane can be modeled as

2 2

z=zo+K2((x-ax) +(y—ay)) (3.3)

where Z() is the maximum depth of the plane (correspondent to the depth of apex), K2

is an aberration parameter, (axaay) is the apex of the concave mirror in the DRC

coordinates, and (x,y) refers to the coordinates of a point on a normalized virtual

display plane with depth Z = -1 .

3.3 Virtual Camera Model

Although the above analysis indicates that the OSTHMD virtual image is curved

instead of flat, it does not significantly change the observed view when the user’s eyes

are on or close to the optical axis. Without loss of generality, here the computational

model of the OSTHMD imaging system is given based on the paraxial analysis with a flat

image plane and the effects of curved plane on the modeling and viewing will be

discussed later.

Based on the registration requirements, the OSTHMD imaging system can be

modeled as a virtual camera whose center of projection coincides with the user’s eye. To

solve the OSTHMD virtual camera, its intrinsic and extrinsic parameters need to be

defined and associated with the coordinate systems and the transformations of an

OSTHMD system shown in Figure 3.3. Among these coordinate systems, the world

coordinate system is predefined and fixed in the working space and the tracker coordinate
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system is usually associated with the tracker mounted with the OSTHMD. The virtual

camera coordinate system originates at the user’s eye center, and its 2 axis coincides with

the optical axis, which is perpendicular to the OSTHMD image plane. The x, y axes are

parallel to the horizontal and vertical edges of the OSTHMD image plane, respectively.

Points in these different coordinate systems are related with each other by rigid

transformations, including TWmT from the world coordinate system to the tracker

coordinate system and Tmy from the tracker coordinate system to the virtual camera

coordinate system. An image coordinate system can be defined on the OSTHMD image

plane. It is centered at the principle point 0'(u0,v0) where the optical axis of the

OSTHMD virtual camera intersects with the image plane and its x, y axes are chosen to

be parallel to the horizontal and vertical edges of the virtual image plane, respectively.
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Figure 3.3 Coordinate systems and viewing transformations in an typical OSTHMD

system

A point PW (xW,yW,zW) defined in the world coordinate system can be

transformed to the point PV (xy 3 yy , Zy ) in the virtual camera coordinate system by:

Pr = TTtoVTWtoTPW (3-4)

Denote the effective focal length of the virtual camera byfand the pixel aspect ratio

by 3,, the image point coordinates p(u,V) of a point PV (xy,yV,ZV) in the

virtual camera coordinate system are given by:
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u—uo ‘Sxf—

ZV

(3.5)

v—v0 =f:—V

V

Thus, the relationship between a world point PW(xW, yW,ZW) and its

corresponding image point p(u,V) can be given by combining (3.4) and (3.5) as:

“T“o : ’iixw +r12YW ‘Hiszw “I‘tx
  

S ’3le +":szyw +r33ZW +tzx

3.6

= r21xW+r22yW+r23ZW+tY ( )
 

’3le +"szJ’W +"332W +tz

’ii r12 r13

where R = r21 r22 r23 and T = ty are the rotation matrix and translation

’31 r32 ’33

vector components of the rigid transformation TWtoV from world coordinate system to

virtual camera coordinate system. TWtoV can be expressed by combining the

transformations Twig]: from the world to tracker coordinate system and Tmy from

the tracker to the virtual camera coordinate system as TWtoV = TTtoVTWmT .

The equations relating the 3-D world coordinates to the 2-D image coordinates given

in (3.6) are the same for any pinhole camera model without consideration distortion. For

OSTHMD systems, previous research [96] shows that it is necessary to compensate the

radial distortion introduced by the optics. Thus, the radial distortion can be modeled by
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applying a first-order factor k] to the above distortion-free calibration model as:

ud (1+ kl (ua,2 + vd2 ))

vd (1+k1(“d2 +vd2))=v

u

(3.7)

where (“d ,Vd) and (u, V) are the distorted (observed) image coordinates and

undistorted (ideal) image coordinates, respectively.

The complete OSTHMD virtual camera model which relates a point PW (xW , yW , 2",)

in the world coordinate system to its corresponding distorted image point pd (ud M)

on the virtual image plane can be given by combining (3.6) and (3.7) as:

2 2 _ ’iixw+’izyw+’i3zw+tx
ud(l+kl(ud +vd ))—f 

’3le +r32yW +r33ZW +t2

(3.8)

’2le +r22YW +r23zW +tr
 vd (1+kl (ud2 +vd2)) =f

’3le + ’Szyw + r33ZW +tz

Note that the curved virtual image plane denoted by (3.3) does not affect the modeling

and solving of the OSTHMD virtual camera unless the center of projection (i.e. the user’s

eye) is significantly off the axis of the parabolic surface. When the user’s eye is on the

axis of the parabolic surface, the curved virtual image plane does not change the positions

of the points on the virtual image plane perceived by the user. In such a case, the user

cannot notice the curved image plane. This is because that the OSTHMD user is actually

observing a virtual image plane with unknown depth and pixel distance. The points on

the virtual image plane are determined by the direction of rays while the depth of the

points does not matter to the user’s view. The modeling of a flat virtual image plane is a
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valid assumption for the convenience of handling and solving the special optical design

of the OSTHMD imaging system. In this paper, the user’s eye is considered very close to

the axis of the parabolic image surface such that any further distortion introduced by

off-axis viewing can be ignored. The sensitivity analysis of the effects of the user’s eye

position or the off-axis viewing on the registration accuracy is given in Section 6.2.
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Chapter 4 Display Relative Calibration Phase I

A two-phase method called Display Relative Calibration (DRC) is proposed to

address the challenges of OSTHMD calibration. Instead of solving the OSTHMD virtual

camera model directly, the DRC method obtains a close estimation of the virtual camera

without user interaction in the first phase and then seeks to refine the results through user

procedure in the second phase. Since most parameters will be solved in the first phase,

the user procedure can be greatly simplified and the calibration results can be more

reliable than those obtained by the existing calibration approaches.

This chapter describes the steps and computations of the DRC phase I, the offline

procedure which uses a calibrated camera as a substitute for the user’s eye to estimate the

parameters of the OSTHMD virtual camera. Although the virtual camera composed of the

OSTHMD optics and the camera is different from the one including the user’s eye, the

phase I calibration results are very close to the actual user calibration data. For

OSTHMD-based AR applications with low-accuracy requirements, the DRC phase I

results can be directly applied to obtain acceptable registration. The DRC phase I also

determines the characteristics of the OSTHMD virtual image plane.

4.1 System Setup

Figure 4.1 shows the system setup used in the DRC phase I. This configuration

improves the initial design of the DRC method by eliminating the specially designed

calibration jig [97]. The OSTHMD is fixed on a tripod during the whole procedure. A
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non-coplanar calibration jig printed with sufficient fiducials is placed in front of the

OSTHMD at a distance approximately equal to the OSTHMD focal length (or the

distance of the virtual image plane) listed in the specification. The display and the

calibration jig must remain fixed relative to each other during this process. A color gel

filter can be used to cover the eye pieces of the OSTHMD for the single-image

calibration described later in section 4.2.4. A spotlight can be applied optionally to give

more lighting on the calibration jig when necessary.

ganglia.
Bllgll'

 
Figure 4.1 DRC phase I system setup
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4.2 OSTHMD Virtual Camera Calibration

To calibrate the virtual camera model composed of a camera and the OSTHMD optics,

the camera needs to be calibrated at first. Since the projection center of the camera

coincides with that of the OSTHMD virtual camera, the calibration becomes a restricted

problem which can be solved from a picture of the virtual camera image taken by the

calibrated camera.

4.2.1 Operational Steps

The virtual camera calibration includes the following steps:

1) Place the camera at a position close to one of the OSTHMD exit pupils where

the user’s eye is supposed to be. Adjust the camera’s position and orientation to make the

observed OSTHMD virtual image plane at the center of its view and the viewing

direction of the camera approximately perpendicular to the virtual image plane. Fix the

camera in a tripod when adjustments are done.

2) Turn off the power of the OSTHMD. Use the camera to “see-through” the

OSTHMD lens and take a picture of the calibration jig. This picture is used to calibrate

the camera as described in Section 4.2.2.

3) Keep the camera’s position and orientation unchanged. Turn on the OSTHMD

and display a full-screen image with same width and height dimensions of the OSTHMD

screen. Figure 4.2 shows a sample image with known corner coordinates for each fiducial

pattern are known. Use the camera to take a picture of the OSTHMD virtual image plane.

The calibration jig can be covered using a black cloth or paper to avoid interference of
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two kinds of fiducials. The picture of the OSTHMD virtual image plane is used for the

virtual camera calibration described in Section 4.2.3.

 

   
 

Figure 4.2 Fiducial image displayed on the OSTHMD for virtual camera calibration

4) Repeat the above steps for another side of the OSTHMD eyepieces. The left and

right eyepiece ofthe OSTHMD need to be calibrated separately.

Note that instead of taking two pictures, the calibrations for the camera and the virtual

camera can be done from a single image of the calibration jig overlaid with the virtual

image plane. To separate the two images, the colors of the OSTHMD virtual image and

the calibration jig should be different such that a color-based image segmentation

algorithm can be applied. Section 4.2.4 describes the use of color gel filter to achieve this

goal. The advantage of this approach is to avoid any errors introduced by the change of

the camera’s position or orientation between taking the two pictures.
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4.2.2 Camera Calibration

The camera in place of the user’s eye can be calibrated from a picture of the

calibration grid using Tsai’s calibration algorithm [98, 99]. Given sufficient points on the

calibration grid with known coordinates in the world coordinate system and the

corresponding image points, the intrinsic and extrinsic parameters of the camera can be

solved, including focal length fC , image center (“co , vco) , aspect ratio SC, , radial

distortion factor kcl , and the rigid transformations from the world coordinate system to

the digital camera coordinate system TWtoC which is composed of a rotation matrix

RWtoC and a translation vector tWtoC .

This step determines the center of projection of the OSTHMD virtual camera model

because it coincides with the center of projection of the digital camera. Meanwhile, the

calibrated camera acts as a direction sensor which is used to measure the direction of rays

from the center of projection to the image points in the OSTHMD virtual camera

calibration.

The relationship between an image point pc PC 2 (“Cd 9 Va; ) and the direction of

Y

the ray [24,—i] from the center of projection to the corresponding point

C C

PC =(XC,YC,ZC) in the camera coordinate system can be given by the calibrated

camera as:
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“Cd (1+ k1 (“Cd2 + V012 )) '- uco Xc
 

 

 

Sfoc Zc

VCd (1+ k1(qu2 + Vedz )) _ Vco = L— (4'1)

fc Z.

where PC is transformed from the corresponding point PW in the world coordinate

T T

SyStem by PC = RWtoCPW + tWtoC -

4.2.3 Virtual Camera Calibration

Once the camera is calibrated, the OSTHMD virtual camera composed of the camera

and the OSTHMD imaging system can be solved. When the center ofprojection is known,

the OSTHMD virtual camera calibration becomes a restricted problem which can be

solved based on a single picture of the virtual image plane taken by the calibrated camera.

The calibrated camera has twofold functions as a direction sensor for calibrating the

virtual camera as well as a component of the virtual camera. The intrinsic and extrinsic

parameters ofthe digital camera must keep unchanged to keep the center of projection the

same as the one solved in the camera calibration step.
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Figure 4.3 DRC phase I calibration

To proceed, display a 2-D planar fiducial pattern with sufficient known calibration

points on the OSTHMD virtual image plane and take a picture of it using the calibrated

camera as shown in Figure 4.3.

An image point py = (“y , Vy ) on the OSTHMD virtual image plane is related to a

3-D point P, = (X,, , Yy , Z,, ) in the virtual camera coordinate system by:

XV

“V _uV0 _ SfoV Z

V

YV (4.2)

vV _vV0 =fV—Z_

V

As the center of projection of the OSTHMD virtual camera coincides with that of the
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calibrated camera, the virtual camera coordinate system is related to the digital camera

coordinate system by a rotation matrix Racy . Thus a 3-D point PC = (XC, YC ,ZC)

defined in the calibrated camera coordinate system can be transformed to the

corresponding 3-D point P, = (XVaYVaZV) in the OSTHMD virtual camera

coordinate system by:

PV = RCtoVPC (43)

Based on the OSTHMD virtual camera computational model, a virtual camera image

. . X Y . .
point p, can be related to the direction of the ray [4,4] in the calibrated camera

C C

coordinate system by:

’ir XC/ZC +r12 YC/ZC +713

’31 XC/ZC +r32 Yc/Zc +r33

r21XC/ZC'I'r22YC/ZC'I'r33 (4'4)

r31XC/ZC +"32 YC/ZC +r33

 

“V T uVO = SfoV

 

VV -vV0 sz

X Y . . . . .

where the {—9,—9] assocrated With each image pornt pc on the camera picture

C C

taken can be determined by (4.1).

Each pair of the point correspondences produce the following two linear equations

derived from (4.4):
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X Y 4.5
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C C
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—SfoVr21f_SfoVrZZZ—C—SfoVr23 :0

C C

Given four or more image points and their corresponding points on the picture of

OSTHMD virtual image plane, the intrinsic parameters uVO’vVO9SVx9 fV and rotation

matrix Racy of the OSTHMD virtual camera model can be estimated by solving the

following over-determined equations by linearizing (4.5) as described in [100-102]:

 

 

  

AW = 0 (4.6)

where

f Y. X Y. \

Cl C 1 O O 0 ‘qu—EL' — VF—CL uVi

A: ZCI ZCi Cl 2C:

o 0 0 X“ Y0 1 v £9: —v 10: —v (4'7)
Vi Vi Vi

\ Cl ZC: ZCi ZCI /

and

W1 SfoVRl +uViR3

W: 2:712 _ fVR2;VViR3 . (4.8)

3 3

The column vectors R1, R2 and R3 in (4.8) correspond to the three rows of matrix
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RCtoV -

To solve W in the above linear homogeneous equation (4.6), a temporary constraint

“W" = 1 can be applied. The solution W' is well known to be the vector corresponding

to the smallest singular value of the SVD of A or equivalently the eigenvector of ATA

with the least eigenvalue. Note that the image and model points data are required to be

normalized before solving (4.6) to increase numerical stability [103].

I

Once W' is computed, W can be obtained by applying W =f because W3 is

3
    

the last row of the rotation matrix Racy with "VI/3 II = 1 . Now the parameters of the

OSTHMD virtual camera model can be initially estimated by the following equations:

 

 

7. = WW

7.; = W.W

fV :"VVz "WOW/3"

__ "W1 —uV0VV3"

SxV —

fr (4.9)

'1? = W1 _uV0VV3

l SfoV

W2 _VV0W3
 

R2 r.

W..
E
U
I

II

The estimated R can be further improved by applying orthononnality requirement

RTR = 1 . A closed-form solution is given in [100, 104] for computing an orthonormal
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R which minimizes “R- R". The parameters uVo a VVo ,SVx 9fV can be accordingly

improved by replacing W; with R3 in (4.9).

Note that the solution to (4.6) is optimum in a least-squared sense, but the optimality

is not defined by the re-projection error, but rather by the least squared fitting of

minimizing A W. The solution does not include the radial distortion introduced by the

OSTHMD optics. Though sub-optimal, this calibration is near to optimum and can be

further refined through nonlinear optimization.

To take the radial distortion into account, the virtual camera parameters

f9 Cxa CY’RVtoC including the radial distortion factor k] can be obtained by a

nonlinear optimization which minimizes the following sum of the distances between the

detected and re-projected points as:

minZd(py,..pV,- '(k..f.CX.Cy,RV,.caTm.caPa )) (4.10)

To impose the orthonormality constraint, the rotation matrix RVmC is pararneterized

as three Euler angles. Minimizing (4.10) can be solved by a modification of the

Levenberg-Marquardt algorithm [1 05].

Note that the implementation for virtual camera with distortion is different from the

non-distorted model. Although OpenGL does not support distorted model directly, the

radial distortion can be compensated for OSTHMD rendering. More details of

implementing the OSTHMD virtual camera will be given in the Section 6.1.
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In practice, the parameters of the OSTHMD virtual camera model can also be directly

estimated to obtain an initial solution. The rotation matrix R00V from the camera

coordinate system to the OSTHMD virtual camera coordinate system can be estimated as

an identity matrix. The principal point of the virtual camera model can be initialized at

the center of the virtual image plane, and the initial value of the focal length fV can be

estimated from two known points Pm (um , VV] ), pyz (“V2 , vyz) on the LCD image

plane and their corresponding image points pCl (“C1 "’0 )apcz (uC2,VC2) on the

camera picture based on the following derivation.

 

The two vectors 0CPc1,0CPC2 which originate from the in the digital camera

coordinate system corresponding to PC] 9 PCZ can be calculated from (4.1) as

X Y X Y —"[4,4,1] and (JR—91,1] by setting ZC =1. The angle between OCPCl and

ZCl C1 C2 C2

 

0 CPC2 can be given by:

 

OPE-org,

IOPC.||0P..|

 

6’ = arccos (4.11)

 

where OPCI-OPC2 is the dot product of OCPCl and OCPC2 , and IOPCZI’ I0PC2I are

the norm of OCPCl and OCPC2 , respectively.

The focal length f, is defined as the length from the origin of the virtual camera
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coordinate system to the virtual image plane. Since fy is defined in pixels, it can be

computed as:

_ lpVI ‘PVzl

1”” _ 2tan(6/2)
(4.12)

where pyl -py2 is the distance between points prVz and 6 is the angle

between their corresponding vectors given by (4.12).

Under the DRC phase I system setup, the above initial solution is very close to the one

computed by using the linear procedure (4.5) - (4.9), and the final results after nonlinear

optimization procedure given in (4.10) are comparable to the first approach as well. Since

this estimation method is easier to implement than the linear solution, it can be served as

a simple and fast approach to obtain effective initial solution for OSTHMD virtual

camera.

4.2.4 Calibration using a Single Camera Picture

The above calibrations of the camera and the OSTHMD virtual camera can be solved

from a single camera picture where the OSTHMD virtual image plane is overlaid on the

calibration jig. This can be achieved by separating the two sub-pictures using color-based

image segmentation.

To allow color-based image segmentation, a red color gel filter is covered on the

OSTHMD eye piece and the OSTHMD virtual image plane is rendered with blue

background. When the colors and the lighting are properly configured, the image
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segmentation can be done based on simple RGB values. For example, a typical

configuration is a picture with the blue virtual image plane overlaid on the red calibration

jig. Figure 4.4 and Figure 4.5 present the separated pictures of the calibration jig and the

OSTHMD virtual image plane, respectively.

 
Figure 4.4 Camera picture of the calibration jig obtained using image segmentation
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Figure 4.5 Camera picture of the OSTHMD virtual image plane obtained using image

segmentation

4.3 Calibration of OSTHMD Virtual Image Plane

In the above solution to the OSTHMD virtual camera model, the effective focal length

f, is calculated in pixels as a relative value. The actual distance from the center of

projection of the OSTHMD virtual camera model to the virtual image plane is unknown.

Although this distance is inessential to rendering or registration, knowledge of this

distance is crucial to the DRC phase H which updates the virtual camera parameters

based on the displacement of the center of projection from the calibrated camera optical

center to the user’s eye. Meanwhile, the distance from the virtual plane to the projection

center is essential to the estimation of registration error. As shown in Figure 4.6, a closer

distance from the eye to the OSTHMD image plane leads to a larger registration error.
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Figure 4.6 Effect of the OSTHMD image plane depth on the registration error

4.3.1 Operational Steps

The calibration of OSTHMD virtual image plane follows right after the virtual camera

calibration, including the following steps:

1) Slightly change the location and orientation of the camera in the previous step of

virtual camera calibration to take another set of pictures (or a single picture when image

segmentation is used) of the calibration pattern and the OSTHMD virtual image plane.

Repeat this procedure to take several more sets of pictures.

2) Use multiple viewing position calibration of Tsai’s algorithm [99] to calibrate the

camera based on the pictures of the calibration pattern taken in different viewing position.
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The solved extrinsic parameters of the camera are different from view to view, but the

intrinsic parameters remain the same.

3) Compute the fundamental matrix F for the pairwise set of the same calibrated

camera matrices with different viewing positions [103, 106].

4) Apply Hartley’s algorithm [107] to correct the image points subject to the

epipolar constraint.

5) Use the mid-point method [106] to compute the 3-D position of the points on the

OSTHMD virtual image plane.

6) Fit the curved OSTHMD image plane equation (3.3) using least-square method

based on the computed virtual image plane points.

4.3.2 Fitting Virtual Image Plane

To demonstrate the process of fitting OSTHMD virtual image plane,

Figure 4.7 shows an example of all the computed 3-D points on the virtual image

plane obtained from pairwise triangulation of five camera pictures. These points are noisy

with varying depths, and they do not form a flat image plane as indicated by the

OSTHMD documentation and as intuitively expected.
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Figure 4.7 Calculated 3-D points of the OSTHMD virtual image plane

Instead, the computed 3-D points of the virtual image plane appear to be distributed

on a parabolic surface with aberrations due to noise. Based on the analysis of the

OSTHMD optical model presented in Section 3.2, this curved image plane is due to the

field curvature [108] of the concave mirror used in the OSTHMD imaging system. The

highly curved virtual image plane is an astonishing finding that none of previous research

work has mentioned, and validates the deficiency of previous OSTHMD calibration

methods based on pure projective 2D-3D point correspondences.

A radially symmetrical parabolic plane is fitted to the virtual image plane by choosing

the optimal parameters for the OSTHMD virtual image plane optical model as specified

in (3.3). The parameters 20 3 K2 9 0,, and ay are computed based on the intersection

points data using non-linear least-squares minimization such as the Levenberg—Marquardt

method [105]. Figure 4.8 shows an example of a fitted display plane with

20 = —1681mm, a, = 1.56, a, =0.44, and K, =19.5. Although the plane
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looks quite curved, the range of the eye locations within the DRC is comparatively very

small. This optical aberration appears to the user as a slight pincushion distortion when

the eye moves away from the apex. This pincushion distortion has been well known for

these displays, but was previously assumed to be due to errors in the design ofthe optics.

The choice of a spherical mirror in the design of these displays does introduce this large

spherical curvature, but also allows for variation in the eye location. A parabolic mirror

could be designed that would cancel the curvature, but only for a single vieWpoint. Hence,

the display would be less general in its applicability.

 

 

 

  
 

Figure 4.8 Fitted OSTHMD virtual image plane

4.4 Summary

The DRC phase I solves the OSTHMD virtual camera model using a calibrated

camera in place of the user’s eye using offline algorithm without user interaction.

Although the virtual camera parameters solved in DRC Phase I is an approximation of the

virtual camera model composed of the user’s eye, most of the computed parameters do
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not significantly depend on the user’s eye. To refine the calibration parameters for a

specific user, only those user-dependent parameters need to be improved. The DRC phase

I effectively simplifies the user procedure and improves the reliability of the calibration

results. Furthermore, the DRC phase I reveals that the calibration of the OSTHMD virtual

image plane converges as a curved plane due to the optical design. This is a new finding

that has been ignored in previous research and it is important to take it into account for

accurate registration.
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Chapter 5 Display Relative Calibration Phase II

This chapter describes the computations and user procedures of the DRC phase II,

which seeks to improve the phase I calibration results by adjusting the user-dependent

parameters for a specific user. The phase I calibration solves an OSTHMD virtual camera

model relative to the center of position and viewing direction of a calibrated camera. The

use of the calibrated camera simplifies the calibration procedure and produces reliable

results without any user interaction. However, the OSTHMD virtual camera model

composed of the user’s eye is different from the one calibrated by the digital camera in

the phase I. The solved phase I parameters need to be adjusted in the phase II to achieve

registration for a specific user. Therefore, the DRC phase 11 needs to solve the new virtual

camera composed of the user’s eye and the OSTHMD imaging system to achieve

registration for the user wearing the OSTHMD. Instead of recalculating all the

parameters from scratch, the calibration of the changed virtual camera can be estimated

from the phase I results. To make the DRC method applicable to different applications

and users, the phase 11 includes multiple user options with different accuracy and user

efforts.

5.] User-dependent Parameters

The main difference between phase I and phase II of the DRC calibration method is

that the user’s eyes replace the camera such that a new imaging system is created together

with the OSTHMD imaging system. Figure 5.1 illustrates the coordinate systems and

viewing transformations of the DRC phase I and phase 11 virtual camera models. The
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major change of phase H virtual camera model is the displacement of the center of

projection from the digital camera projective center to the user’s eye position. Although

both the intrinsic and extrinsic parameters of the OSTHMD virtual camera are affected by

the shift of center of projection, only the parameters significantly changed fiom the phase

I need to be recalculated.

OSTHMD Virtual image VAN.

plane (depth = -20) \_

Yw

World Coordinate I
0(CX’CQ

System /O—nw
\ .
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center of projectian‘
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Figure 5.1 Coordinate systems and transformations of the DRC phase I and II

In the DRC phase II, the origin of the virtual camera coordinate system coincides with

the user’s eye position. Same as the definition in the phase I, the x, y axes of the phase II

virtual camera coordinate system are parallel to the horizontal and vertical side of the

OSTHMD virtual image plane, respectively, and the z axis is perpendicular to the virtual
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image plane. The relationship between a point (XV , yV , 2,, )defined in the phase I virtual

camera coordinate system and the same point (x5 , yE , 25) can be expressed as:

x5 XV

yE =RVtoE yV +7.‘VtoE (5'1)

ZE ZV

where RVIOE is the rotation matrix defining the orientation change of the phase 11 virtual

. . r .

camera coordinate system relative to that of the phase I, and TVtoE = (tX,t,,tz) rs the

translation vector defining the displacement of the virtual camera center of projection

from the phase I to the phase 11.

Based on the definition of the OSTHMD virtual camera model, the virtual camera

coordinate systems in the phase I and the phase II have the same orientation relative to

the OSTHMD virtual image plane. When the OSTHMD is properly worn on the user’s

head, the user’s viewing direction should be perpendicular to the virtual image plane as

well. To pursue a fast and effective calibration for the phase II, we can first assume that

the orientation of the phase II virtual camera coordinate system is the same as that of the

phase I such that RV:0E can be set as a 3 x 3 identity matrix. Therefore, we have:

x5 xV tr

y1-: = yV 'I' tr (52)

25 2,, t2
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Figure 5.2 Computation of the updated effective focal length and image center

As illustrated in Figure 5.2, the displacement of virtual camera center of projection in

the z direction introduces change of the effective focal length f, which is defined as the

distance from the center of projection to the virtual image plane. Note that the translation

vector TVtoE = (IX #sz )T is measured in actual length units whilef is computed in

pixels as a relative value to accommodate the uncertain pixel distance of the OSTHMD

virtual image plane. Based on the virtual image plane depth 20 solved in the phase I

calibration, the updated focal lengthfcan be estimated by adjusting the z-direction offset

t2 scaled by 20 as:

20 _ t2

f5 = fV (5.3)

20

 

The image center (CEX’CEY) of the phase 11 virtual camera can be computed
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from the phase I virtual camera parameters as:

t

_ifVSx

Z
0

t

Car = CVY "ZLJV

o

CEX = CVX

(5 .4)

Disregarding distortion, a visible point (955,305,215) defined in the phase 11 virtual

camera coordinate system is related to its correspondent registered image point

(agave) by:

(5.5)

Combining (5.2) - (5.4) and assuming that the aspect ratio s5, is the same as Syx ,

we have:

 

20 “t2 xV "Hr tXSfo
S :u — C .____..

foV[ 20 ]{ZV +42] E [ Vx 20 J

t +t tf (5'6)fy(zo z][yi’ r)=vE_[CVy_ r V]

20 ZV +tZ 20

where (xV, yy,z,,) is obtained by applying the rigid transformation TWmV to a point

  

(xW , yW , 2W) defined in the world coordinate system. TWW is solved separately as the

tracker calibration as described in [22].
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5.2 Options for Phase II calibration

The goal of the phase II calibration is to solve the user-dependent virtual camera

model based on the phase I calibration results. The changed parameters from the phase I

to the phase 11 include the focal length fE , the translation vector TVtoE defining the

positional displacement of the center of projection, and the image center (CEx,CEy).

The translation vector TVtoE is the determinative factor from which the other

parameters can be solved. These parameters are highly user-dependent due to the

different eye position relative to the virtual image plane. To achieve precise registration

for a specific user, certain user procedure is necessary to indicate the registration of the

world points and the corresponding image points observed by the user.

Instead of providing a single fixed user procedure, multiple user procedures are

provided in the phase II to adapt for different user efforts and registration accuracy

requirements of various OSTHMD-based applications. The DRC phase 11 user procedures

options include: 1) Use the phase I calibration directly; 2) Single-point alignment; 3)

Manual adjustment and 4) Multiple-point alignment.

5.2.1 Use the DRC Phase I Calibration Directly

Although this option cannot reach accurate registration error without updating the

center of projection displacement, it would be useful for applications such as

OSTHMD-based AR games which need rough registration without any user procedure.

However, it is necessary to understand how the eye position affects the registration
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accuracy. A sensitivity analysis of the eye position on the registration errors will be

presented in Section 6.2.

5.2.2 Single-Point Alignment

The center of projection of the phase 11 virtual camera is located at the user’s eye

position, which is very close to the center of projection of the digital camera used in the

phase I calibration. The z-direction offset tz between the two projection centers is

usually far less than the depth of the OSTHMD virtual image plane 20 or the

z-component of the calibration point ZV such that there are 20 >> tZ and 2,; >> t2.

For example, the Sony Glasstron LDI-100 OSTHMD used in the user experiment has an

estimated 20 =1681mm , and the z-offset of 5mm results in a focal length modification of

less than 0.3%. Therefore, without significant loss of accuracy, we can assume fE = f,,

and 25 = 2,, to simply (5.6) as:

xV +tX tXSV fV

SfoV Z = “E _(CVx _ x

V 20

(5.7)
fV YV +tr =VE —[CV _tYfV]

ZV Zo

 

Given a world point and its aligned image point on the OSTHMD virtual display

observed by the user, the x and y components of the translation vector TV,0E can be

calculated by:
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t: Cur—“E "IL

(TL + ’1‘]fVSVx ZV

ZV zo

 

Cry - V5 yV (5'8)
ty= ——

2

[1.1ij V

ZV 20

With the solved tX4}, and the assumption 12 = 0, the transformation TTon from

the tracker coordinate system to the phase 11 virtual camera coordinate system can be

obtained by:

TTtoE = TTtoVTVtoE (59)

Where TVtoE = [RVtoE I tVtoE] = [I I tVtoEJ'

As for the intrinsic parameters of the phase 11 virtual camera model, the focal length,

and the aspect ratio can be estimated as the same values given in the phase I calibration,

and the new image center can be estimated by (5.4).

The procedure of the single-point alignment option is similar to that of the SPAAM

[88, 89], but the user only needs to do the alignment once for each eye. Usually the user

indicates the alignment by clicking the mouse button when a predefined 2-D marker on

the virtual display overlays on a known world point.

5.2.3 Manual Adjustment

One of the major advantages of the DRC method is that the degrees of freedom for the

Phase II calibration are reduced to three for each eye. Meanwhile, the unknown

parameters to be solved are independent of each other. Hence, a simple manual control
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can be supplied that the user uses to adjust the registration directly. X and Y adjustments

can be used to align edges and a Z adjustment used to correct for focal length. A simple

mouse control has been implemented for the manual adjustment option. Shifting the

mouse in the x and y direction directly modifies the X and Y location of the center of

projection. A wheel-based mouse can be utilized for direct manipulation of the focal

length using the scroll wheel. In practice, a simple rectangle pattern is displayed on the

OSTHMD virtual image plane and the mouse is used to manually adjust the registration

of that pattern and a real-world object. The advantage of this option is that it is easy to

tweak the calibration if the display shifts on the head.

As shown in Figure 5.3, the tracker fiducial outlines are used as the alignment pattern

for the manual adjustment option. The user uses the mouse to modify the observed

fiducial outlines until they overlay onto the actual fiducials. Then the user clicks the

mouse to indicate the completion of adjustment. The OSTHMD projection center position

in x, y direction (Xx,Xy) can be updated based on the lateral offsets of the fiducial

outlines and the image center (Cx,Cy) can be calculated using (5.4). The effective focal

lengthfcan be updated relative to the original value based on the movement of the mouse

wheel.
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Figure 5.3 DRC phase II manual adjustment option

5.2.4 Multiple-Point Alignment

Given two or more image and world point correspondences, the focal length f5 and

aspect ratio SE, ignored in the single-point alignment option can be solved.

From (5.8) there is:

CV Tum _fl_= CV: "52 _fl2_

z z

[L‘I' 1 JfEsEx V1 (L'I‘ 1 )fEsEx V2

2V1 ZV2

(5.10)

Therefore, f5 and s5, can be solved by:
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The tX,ty can be calculated by replacing fy,S,,x with f5,ng in (5.8) and the

image parameter (CE), , C5y ) can be solved similarly by (5.4).

The user procedure for this option is similar as that of SPAAM [88, 89] but fewer

alignments are required. The number of alignments can be determined based on the

accuracy requirements and the user’s performance of aligning virtual and physical points.

In the user study described in Chapter 9, four-point alignment is used for this option,

which achieves remarkable registration accuracy.

Furthermore, when a large number of point correspondences can be obtained, a

nonlinear search can be used to optimize the calibration parameters including the rotation

matrix RymE and distortion factor k] to minimize the average distance of between the

measured and expected image points on the virtual display. The initial guess of these

parameters can be given by the computation of the above two-point alignment together
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with RVtoE =1 and k1: 0. This same strategy is used in the virtual camera

calibration of the phase I.

5.3 Summary

Many computer vision algorithms including the Tsai camera calibration [98, 99] have

applied the two-phase rough—to-refined approach in the DRC phase 11, though usually as a

computational method rather than a combination of computational and user interface

method presented in the DRC phase II. For the OSTHMD calibration, there is no

previous research presenting a successful two-phase algorithm like the DRC method. The

design and implementation of the DRC method solve the following two challenges for

OSTHMD calibration:

l) The establishment of a computational model suitable for the two-phase approach

The DRC computational model separates the calibration parameters into

system-invariant values and user-dependent variables. The DRC phase I uses a camera to

simulate the user’s eye for the OSTHMD imaging system and solves for the parameters

of the OSTHMD virtual camera system. The phase II refines the user-dependent variables

using multiple user options to reach better registration accuracy.

2) The implementation of flexible interactive user procedures to improve the initial

phase I calibration results

Except the DRC-None (Direct use of phase 1 results), the other three options of DRC

phase 11 provide flexible user interaction to collect data required for improving the phase
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I calibration results. The final calibration parameters are optimized for the specific user

who completes one of the options.

Furthermore, the DRC phase II is extensible in that other Options or processes could

be applied as far as this process reduces the degrees of freedom or solves the required

parameters. Such a process can still be a user procedure or some kind of measurements.

For example, the approach used by Stereo SPAAM [89] could be applied as an option for

the DRC phase H, with the important difference that only the eye position need be

computed [91]. If the interpupillary distance for the user is already known or measured

using pupilometer, the degrees of freedom for a stereo solution can be further decreased

by one.
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Chapter 6 Implementation and Sensitivity

Analysis

This chapter introduces the implementation and the sensitivity analysis of the solved

OSTHMD virtual camera model. OpenGL is used to reproduce the OSTHMD imaging

system and to generate the expected imagery for AR registration. The implementations

of the non-distorted model and the distorted one are different and both approaches are

described. The sensitivity analysis discusses the effects of the center of projection on the

registration accuracy, including a theoretical analysis based on the non-distorted virtual

camera model and an experimental analysis based on calibration data solved with curved

virtual image plane.

6.1 Implementation

In OpenGL, an object’s 3-D world coordinates are modeled relative to a predefined

world coordinate system and then converted to pixel coordinates through a series of

viewing, projection and viewport transformations [55-57]. The viewing transformation

establishes the position and orientation of the virtual camera and the projection

transformation defines a viewing volume for projecting 3-D points into image plane and

clipping. The viewport transformation determines the mapping from the normalized

image coordinates to actual screen pixels.

Because the 2-D imagery is always rendered in full-screen on the miniature LCD
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screen, the viewport transformation for the OSTHMD virtual camera can be simply set

up by g]Viewport(0, O, w,h) where w and h are the pixel numbers in the horizontal and

vertical directions of the display given by the OSTHMD specification. The viewing and

projection transformations can be implemented by the following code snippet:

glMatrixMode(GL _ PROJECTION);

glLoadIdentityO;

glFrustum(—znear * cx /(sx * f), znear * (wid — cx) /(sx * f), znear * cy / f, znear * (hit — cy)/ f, znear, zfar);

glMatrix(GL __MODEVIEW);

glLoadIdentityO;

glMultMatrixd(m _ ttoe);

glMultMatrixd(m _ wtot);

The glFrustumO function defines a perspective projection viewing volume by

specifying the coordinates of the lower-left and upper-right corners of the near clipping

plane and the distances of the near and far clipping planes. These required parameters

can be converted from the solved virtual camera intrinsic parameters. The znear and zfar

are the distances from the center of projection to the near and far clipping planes,

respectively. The m_ttoe and m_wtot are the transformation matrices from the

tracker to eye coordinate system and from the world to the tracker coordinate system,

respectively.

The above implementation does not incorporate the radial distortion or curved image

plane. To implement the virtual camera with distortion, a warping transformation needs

to be applied to the undistorted image coordinates to take into account the radial

distortion. Although OpenGL does not support insertion of a user-defined transformation
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to its rendering pipeline, indirect implementation such as using texture mapping can

achieve the similar results. The basic idea is to render the undistorted 2-D image, then

use its pixel data as a texture image whose texture mapping coordinates are established

based on the radial distortion function. More details of such approaches can be found in

the research work by Watson et al. [109] and Min et al. [110].

6.2 Sensitivity Analysis

The DRC phase I calibration estimates the OSTHMD virtual camera model based on

the assumption that the center of projection of the camera is the same as that of the user’s

eye. In practice, this is unlikely to be the case because the actual center of projection of

the OSTHMD virtual camera, i.e. the position of the user’s eye relative to the display,

always needs to be adjusted for different users. It is necessary to analyze the sensitivity

of the estimation error of the center of projection on the registration accuracy. The

sensitivity analysis can be used in estimation of the precision afforded by using phase I

calibration directly and also the improvement brought about by applying the phase II

calibration. Furthermore, the sensitivity analysis reveals the relationships among the

registration errors, the eye offsets and the real object offsets. Should an OSTHMD shift

on the user’s head, the results of the sensitivity analysis can predict the errors that would

be expected.
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6.2.1 Theoretical Analysis

Assume C’ is the center of projection of the camera in DRC phase I and

C = (Xe, ye, Ze)T is the actual user’s eye position, as illustrated in Figure 6.1. The

virtual camera coordinate system is centered at C’ and its 2 axis is perpendicular to the

virtual image plane and the x, y axes parallel to the horizontal and vertical sides of the

OSTHMD virtual image plane, respectively. A point P of virtual camera coordinates

P = (16p ,yp , Zp )T should be projected to p but the calibration procedure based on the

Phase I camera projects it to p’. The error vector 5p = P - p' is coplanar with C, C’

and P, and a measure of "5,, II can be written as:

 

"dpllzfl xp2+yp2 —flJ(xp-xe)2+(yP—ye)2 (6.1)

 

When Zp >> 26 (Zp is usually greater than 1m and 2,, is less than 20mm), the

above equation can be simplified as:

"510” 2 2p —20 (rp Trpe) (6.2)

 

2 2 2 2

where rp=\[xp +y,, and rpe=\/(:Cp—xe) +(yp—ye) are the radial

distances from point P to the z—axis relative to the replacement camera coordinate and

user’s eye, respectively.
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Figure 6.1 Effect of the OSTHMD virtual camera center of projection on the registration

error

6.2.2 Experimental Analysis

The above theoretical analysis is based on a flat virtual image plane without taking

into account optical distortion. It would be helpful to estimate the observed positional

and angular error for different object depths relative to the eye offsets based on the actual

data calculated with curved virtual image plane.

The OSTHMD under investigation is the Sony Glasstron LDI-lOOE display

calibrated using the DRC phase I and the calculated parameters are 20 = —l68 1mm ,
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ax = 1.56, ay = 0.44, and K2 = 19.5. Figure 6.2 illustrates the pixel error for an object

at an arm’s length of 0.635 meter. The X axis plots the radial offset of the object from the

center of the display and the Y axis plots the eye offset. Note that human user’s

interpupillary distance ranges from 53 to 73 mm and the computation is based on an

interpupillary distance of 65 mm, approximately in the middle of that range. Hence, the

maximum horizontal eye offset is 5mm. This results in an expected error in the center of

the display of less than one pixel and less than 3 pixels at the edge of the display.
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Figure 6.2 Registration errors due to eye offset (object distance z=0.635m)

Figure 6.3 illustrates that the pixel error for object at the distance of 2.5 meters. It is

shown that the error increases as the offset relative to the depth of the virtual display

increases. Hence, the DRC phase I calibration be used directly with little error when the

physical objects are at or near the virtual display depth. When working at larger distance,

the registration error will be more sensitive to the eye offset. This indicates that a phase

II calibration would not be necessary at all if the virtual image plane of the OSTHMD is

located at exactly the work depth.
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Figure 6.3 Registration errors due to eye offset (object distance z=2.5m)

Figure 6.4 illustrates the angular error for varying object depths relative to eye offset.

The maximum angular error of 0.8 degree in this figure is equivalent to a distance error

of 8.89 mm when the depth is 0.635m. This figure quantifies the improvements of any

Phase H strategy relative to tracking accuracy. As an example, the specification for the

Intersense IS-900 high-accuracy head tracker angular accuracy is 0.25 degrees. The

phase I calibration gives accuracy which is close to this value without any phase H

adjustments. Thus the phase II calibration would be of little use because the tracking

error would be more significant than the errors introduced by the calibration.
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Figure 6.4 Angular errors due to eye offset for different depths

6.2.3 Summary

The sensitivity analysis indicates that the parameters from phase I calibration might

be acceptable for AR applications which do not need very precise registration. Since the

camera used in phase I is placed at the approximate position of the user’s eye, the center

of projections for camera-HMD and eye-HMD imaging systems can be very close to

each other. Therefore, DRC phase I itself can be a calibration scheme for certain

OSTHMD systems without the steps of adjusting the center of projection in the phase II.

For those OSTHMD systems requiring accurate registration, phase II calibration is still
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required for fine-tuning the projection center of the virtual camera model.
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Chapter 7 Sources of Errors and Analysis

This chapter presents theoretical accuracy analysis and error estimation for the DRC

method. It is necessary to determine the error range for an OSTHMD calibration method

like DRC, although it is difficult to compute a quantitative accuracy assessment because

there are no “ground truth” calibration parameters available as an absolute reference. The

goal of the error analysis is to provide a theoretical error range composed of estimated

errors from system components and the computation of the DRC method. Meanwhile,

the error sources discussed in this analysis are related to the system used for the

experimental evaluation described in Chapter 9 such that the theoretical analysis can be

validated in the user experiment.

7.1 Related Work

Gomez et al. [96] analyze the expected accuracy level using different camera models

and the stability of the calibration results, but this study mainly explains the effect of

different camera models on AR calibration errors. Holloway presents a mathematical

model of a medical OSTHMD system and analyzes the sensitivity of system registration

error from different error sources [111, 112]. MacIntyre et al. describe a statistical model

for estimating registration errors in AR systems [113]. Babbage evaluates the rendering

error through optical modeling of the Display-Eye system of an OSTHMD [114].
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7.2 Error Model

In camera calibration, the accuracy can be assessed in a variety of ways, the most

common and generally useful being the calculation of the Root Mean Square (RMS)

between the known 3-D coordinates of the test points and the re-projected 3-D points

calculated using triangulation. The registration error model of an OSTHMD is different

because OSTHMD users are relatively insensitive to depth information and only the

lateral offsets between observed and actual points are distinguishable to the user.

Meanwhile, it is difficult for the OSTHMD user to precisely locate the exact 3D position

of an observed point on the OSTHMD virtual image plane.

As shown in Figure 7.1, the lateral error L between the expected point B and

observed OSTHMD image point P3 provides a measurement of the OSTHMD

registration offset perceived fiom the current eye position:

  

  

    

   

 

    

L = "B - R. (7.1)
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Figure 7.1 OSTHMD registration error model
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Note that the lateral error metrics could be quite different, depending on the distance

from the eye to the actual objects. Therefore, angular error (p is introduced as the visual

angle between the ray from eye to the physical object and another ray from eye to

observed OSTHMD image point. Usually the lateral error L is much less than the

OSTHMD focal length (the distance between eye and image plane), and the angular

error (1) (in radians) can be calculated as:

L

= arcsin — 7.2<0 [ D J ( )

where L is the lateral error and D is the distance between the user’s eye and the

OSTHMD virtual image plane.

7.3 Error Sources and Estimation

The OSTHMD registration errors come from two major sources, dynamic errors and

static errors. Dynamic errors are caused by delays from tracker or graphics system when

the user’s position or viewing direction is changed. Although previous studies indicate

that dynamic errors are the main contribution to the OSTHMD registration errors [87,

111, 112], the error analysis only discusses the static error sources because dynamic

errors are independent of the calibration method.
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7.3.1 Tracker Measurement

A webcam mounted on the OSTHMD is used as a vision-based tracker to provide the

position and orientation of the camera relative to the world coordinate system defined by

a set of fiducials. The fiducial scheme is based on the orthogonal DCT-based fiducial

algorithm [48], and the tracking algorithm is based on a pose estimation algorithm using

all comers of all visible fiducial images [115]. The webcam is calibrated beforehand and

is compensated for radial distortion.

It is known that the image points extracted from fiducial program can reach sub-pixel

accuracy, and the root mean square error e for the tracker calibration is 1.87 pixels. When

the focal length of tracker camera fTrk is 911.4 pixels, the reprojected lateral error d at

z = 0.635m. (25in.) can be roughly estimated as d = if} = 1.3 mm (0.051 in.) or 0.12

degree of equivalent angular error. This d can be considered as the theoretical upper

bound for tracker measurement error without taking into account the delay or other

dynamic error sources.

7.3.2 Camera Calibration

The Tsai camera calibration algorithm [98, 99] has been repeatedly used in the DRC

phase I to calibrate both the measuring camera and the OSTHMD virtual camera model.

As explained earlier, the calibration of the measuring camera is only used for
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computing the OSTHMD virtual camera model. The measuring camera parameters are

used in the computation of the OSTHMD system registration. Therefore, any errors in

this step would be reflected in the errors of virtual camera calibration.

In the OSTHMD virtual camera calibration, a non-linear minimization algorithm is

used to search the parameters and normalized vectors are sent into the algorithm to

compensate the unknown depth values. The computed root mean squared errors for lefi

and right eye of the OSTHMD are 0.78 pixel and 0.82 pixel, respectively. The focal

lengths of OSTHMD virtual camera are 1889.73 pixels and 1877 pixels, respectively.

Therefore, the lateral error (1 at z = 25 in. can be estimated as: d = £3: = 0.254 mm

(0.01 in.) for left eye of the OSTHMD and 0.79 mm (0.011 in.) for right eye of the

OSTHMD. Here the 0.01 in. lateral error is equivalent to 0.02 degrees of angular error.

7.3.3 Triangulation

In DRC phase I, Hartley’s optimized triangulation algorithm is used to compute the

depth of the OSTHMD image plane [103, 107]. Because the positions of the camera

center during the DRC computation are very close to each other, the rays used for

triangulation may be very close to parallel and bring certain uncertainty regions to the

3-D reconstruction. Blostein et al. present the following probability distribution function

which gives the estimation of the maximum relative error based on the horizontal pixel

disparity between the two images used for triangulation [116, 117].
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Define the relative error in ranging a point as:

 a, = (7.3)

where z is the exact range of the point and 2 is the estimated range of the point. The

probability of the range value being within a certain tolerance T, can be formulated as:

  

 

_1_

_ D

<Tzl=l 1 (7.4)

3

where D is the horizontal pixel difference between the left and right images.

In the triangulation of the DRC phase I, the image pairs with less than 40 pixels

horizontal difference have been removed. Thus the minimum distance of the remaining

image pairs is D = 40 pixels. From (7.4) the maximum relative error for reconstructed

depth would be % = 0.025, which corresponds to an estimated depth difference of 1.06

in when the calculated depth is 42.26 in (1.07m). According to (5.3), such a depth

change effects the focal length by 2.5%, which is trivial when the focal length of

OSTHMD virtual camera model f is over 1880 pixels. The changes on lateral errors

cause by such depth difference can be ignored.
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7.3.4 User Alignment

The DRC method collects the required image and world point correspondences by

requesting the user to align a number of image points to the corresponding predefined

locations in the workspace. Previous studies [118] shows that the SPAAM method [88,

89] based on head motion alone is more subject to manual errors than the head-hand

pointing method used in the Stylus-Marker calibration [75-77]. The head-hand style is

more suitable for the human anatomy because the user can adjust the relative position

and cooperation of the head and hand to find the most comfortable pose to complete the

alignments.

The use of the head-hand pointing method as the input for the user alignment

decreases the error introduced by user alignments, but the error from the point

correspondences still contributes the largest portion to the calibration error and the

overall registration error. However, it is impractical to separate the error introduced by

the user alignment and the errors from other sources because the overall errors are

combined by many errors sources including user alignment errors.

Furthermore, the user alignment error is dependent on the personal spatial sense and

locating ability in the augmented environment. This increases the uncertainty of this

error source. A previous study by McGarrity et al. shows registration errors of four users

ranges from 0.11 inch to 0.43 inch, with a variance of 0.33 [119].
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For the sake of simplicity, the user alignment error can be considered as the

remaining error source when all other error sources are identified and quantified. Based

on past study, the error introduced by the user alignments can be roughly estimated as up

to 10.16 mm (0.4 in.).

7.4 Summary

Among the discussed error sources, the user alignment error contributes the largest

portion to the overall error. The precision of tracker measurement and optical distortion

also have certain effects on the registration accuracy. However, the errors from

computational procedures in calibration algorithm such as camera calibration and

triangulation are trivial. The analysis and estimation of different error sources for DRC

leads to the following observations:

1) The errors from the computation and the DRC algorithm itself are trivial

compared to errors introduced by the user interaction. These errors can be minimized by

computational optimization and adjusted procedures.

2) As the most significant error source in the OSTHMD calibration, the user

alignment procedure must be carefully designed to reduce the effects of the user

performance on the calibration results. The existing user alignment procedures require

excessive user efforts, which make the results inaccurate and unstable. A practical and

reliable calibration method prefers simple and user-friendly user operation like the user
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procedures proposed in the DRC.

3) A flexible user interaction procedure like the multiple options of DRC is

important to provide some choices for both OSTHMD system designer and users. A

single calibration procedure with a fixed accuracy level cannot satisfy different types of

applications and users. It is helpful to allow an offline calibration procedure with

acceptable accuracy such that the OSTHMD systems can be quickly utilized without

user interaction. Meanwhile, offline calibration would be helpful for user groups such as

seniors, disabled persons and children. Offline methods would make things easier for

OSTHMD-based game or entertainment applications where quick start-up and simple

operation are preferred.
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Chapter 8 Optimization

This chapter discusses the optimization strategies for the OSTHMD calibration,

including the computational optimization and improving user procedure design. As

described in Chapter 3, the OSTHMD computational model is established as a pin-hole

virtual camera which converts a 3-D world point to a 2-D image point on the OSTHMD

virtual image plane through perspective projection. Due to the special optical design of

OSTHMD, the user procedure is necessary to collect data required for solving the

OSTHMD virtual camera model. Both the computational process and user procedure

design may affect the final calibration results.

8.1 Computational Optimization

The following computational optimization approaches can be applied for OSTHMD

calibration:

1) Reduce the number of required point correspondences

Sufficient world and image point correspondences are required to solve the

OSTHMD virtual camera model. The number of required point correspondences depends

on the degree of freedom in the computational model. Fewer point correspondences can

reduce the user efforts and the chance of making mistakes in the user procedure of the

OSTHMD calibration. Currently, the SPAAM method [89] needs at least six point
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correspondences and Fuhrmann’s stylus-marker method [75] requires at least four. The

DRC method reduces the number of free parameters to three, and thus only two points

correspondences are required to obtain a solution to the OSTHMD calibration. Generally,

each point correspondence will be subject to error induced by the inaccuracy in the user

procedure. Although larger number of correspondences might be required in order to

overcome the influence of the error points, starting with a lesser minimum requirement

allows a smaller number of required points when errors are taken into account.

2) Detect false point correspondence (outlier)

RANSAC [120] can be used to detect the false point correspondence from the

collected point correspondences for OSTHMD calibration, but the disadvantage of this

method is that it only works well for a large amount of data. To find the false

correspondences from a small data set for OSTHMD calibration is still an open problem,

which can be a research topic for the future work.

8.2 Improving User Procedure Design

In OSTHMD calibration, the user procedure can be more effective if the following

human factors are properly considered:

1) Limitations of head-pointing alignment

Most existing OSTHMD calibration methods including the DRC method proposed in
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this thesis use a head-pointing user task to align the virtual and real points, although

previous research has demonstrated that a “head-mouse” is not precise enough even for a

character pointing task for text editing [121]. In order to achieve pixel-level accuracy for

OSTHMD calibration, the angular error of head rotation must be less than 0.05 degree.

This is almost an impossible mission for simple head-pointing interaction like the

method used in SPAAM [89]. Fuhrmann’s stylus-marker approach [75] incorporates

head-pointing with hand, wrist and finger motion to help the user stabilize his/her head

with the body. Previous experiments shows that this approach improves the accuracy of

head-pointing alignment but still cannot provide sufficient precision for OSTHMD

calibration, as even holding the head still is a difficult task for most users [118].

2) Difficulties with holding the head still while aligning

Another problem with head-pointing calibration is that it is very difficult to hold the

head still while aligning the virtual and real correspondences. Even when the intrinsic

movements of the neck and head can be stable, the extrinsic movements of the user’s

body still cause slight swinging relative to the calibration points. If this body jitter is

unavoidable, some measures should be taken to avoid or eliminate its effect on the

OSTHMD calibration.

8.3 Summary

Note that the above considerations of computational optimization and user procedure
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design are general guidelines to the OSTHMD calibration. The utilization of these

approaches is based on the computational model and algorithm design of the OSTHMD

calibration method. The two-phase DRC method proposed in this thesis uses an offline

computation to estimate the OSTHMD virtual camera model and refines the parameters

using a minimal number of point correspondences. Thus the only concern of the DRC

method is to improve the accuracy of the user alignment used in the phase 11.

Considering the limitations of SPAAM or Stylus-Maker calibration, a better user

alignment procedure is yet to be established.
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Chapter 9 Experimental Evaluation

This chapter describes the design, procedure and results of the user experiment which

evaluates the performance of the DRC method. Compared with offline non-user testing,

the online user experiment provides direct and practical results which are more effective

for the evaluating the accuracy and usability of an OSTHMD calibration method.

This chapter describes measuring and evaluation of accuracy and usability for the

OSTHMD system at first. Then the experiment design, system setup and the procedure

are introduced. The experimental results are analyzed in both descriptive and quantitative

statistical methods.

9.1 Related Work

It is essential to involve the user in the evaluation procedure because the user plays a

key role in the OSTHMD viewing system and the perception of AR registration. A

well-designed user study obtains the actual registration accuracy observed by the user

and reveals the real user experience of the operational usability. However, due to the

complexity of conducting user experiments, most previous research work on OSTHMD

calibration either performs an offline evaluation using a camera to simulate the user’s

eye [89] or conducts a limited user study with small number of subjects [88, 89]. Such

approaches cannot provide sufficient information about the usability or accuracy of an

OSTHMD calibration method including user procedure.

90



The experimental evaluation in this thesis is similar to a previous research [118],

which comparatively evaluates the registration errors of four calibration methods using

McGarrity’s online evaluation scheme [119, 122, 123]. However, the past study does not

include evaluation of the usability or validation of the results using statistical analysis.

The experiment conducted by Tang et al. also provides useful references for the

experimental design of this research [11, 12] . Other similar research work on user

studies for OSTHMD include the comparison of Head-Mounted Display and Displays by

Pausch et al. [124] and the user-centered design and evaluation of a battlefield virtual

environment by Hix et al. [125].

9.2 Evaluation of Accuracy and Usability

To properly measure the registration errors indicated by the user, the user procedure

and the measurement of the OSTHMD accuracy evaluation face similar challenges as

those for the OSTHMD calibration. The measurement of the OSTHMD registration

errors should reflect the observable differences between the perceived and the expected

points. Meanwhile, the user procedure should support the measurement in a user-friendly

manner. Furthermore, the OSTHMD evaluation method and measurement should work

for the OSTHMD virtual image plane. For an OSTHMD system, the user is insensitive

to the depth of a virtual point and it is hard for a user to indicate the exact depth value.

The measurement of the OSTHMD registration error is different from that of the camera

calibration because only the lateral difference on the OSTHMD virtual image plane is
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observable and expressible to the user.

An effective OSTHMD evaluation technique is the online method proposed by

McGarrity et al [119, 122, 123]. As shown in Figure 9.1, Pg is the projection of a

virtual point I; perceived on the plane of an evaluation board, and the registration

 
error can be measured based on the lateral offset IE “I: on the evaluation board

between the perceived point Fe and the expected point P.
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Figure 9.1 Planar measurement of the OSTHMD registration error

A potential problem for planar evaluation is that the error metric depends on the

user’s eye position relative to the evaluation board. As shown in Figure 9.2, the

measured planar error [Pt —Pe| from the eye position E is different from the error

measurement of |Pt —Pe'| viewed from E’. Due to this metric ambiguity, the planar

errors between different subjects are not comparable directly. To solve this problem, the

user is asked to align the OSTHMD image point with an observed point on the

evaluation plane twice for each evaluation point, with the head at different positions. The
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3-D position of this OSTHMD image point P0 can be determined by triangulating the

two rays connecting the eye and the observed image point. Once the 3-D point is

reconstructed, a fixed eye position can be chosen as a standard viewpoint for all subjects

to recalculate the planar registration error. The recomputed planar error represents the

perceived registration accuracy for a current subject, and the error value is comparable

because of the same viewpoint.
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Figure 9.2 Calculating the rendered 3-D point using triangulation based on two observed

image points

This experimental evaluation provides quantitative measurements of the registration

error between the physical objects and the virtual objects as observed by the user.

Analysis of the user data can verify the error estimation results presented in Chapter 7.

Together with the previous theoretical error analysis, the errors as exhibited by the

OSTHMD calibrated using the DRC method can be determined and experimentally

validated. It is important to understand this error range because it determines whether or

not this calibration method can be used for certain OSTHMD-based applications.

Because of uncertain human performance, a calibration method involving user
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interaction cannot always be guaranteed to achieve the required accuracy, even if its

estimated error range satisfies the expectation. For such a situation, repeated calibrations

with trained user may increase the accuracy to reach the estimated error range. The

ability of a new user to achieve a usable calibration is shown in this chapter through the

use of user trials that are shown statistical significance.

The registration accuracy and the user efforts required by different OSTHMD-based

applications can be quite different. To fit for this diversification, the usability of an

OSTHMD calibration method is an important consideration for both calibration

algorithm developers and OSTHMD system designers. Therefore, this usability of the

DRC method needs to be evaluated as well. There are many usability evaluation methods

for virtual environments [126], but a quantitative workload assessment procedure such as

NASA TLX [127] is accepted as an effective way to compare the usability of competing

methods that require user concentration and effort. The workload assessment results

indicate the mental workload and operation difficulty of different calibration methods.

Meanwhile, the completion time of each user calibration procedure is also a

comparable factor of usability to be measured in the experiment. Although a lesser

workload is usually correlated with a shorter completion time, it is hard to quantitatively

connect the workload index with the completion time of a task. Similarly, it is not always

true that a complicated and time-consuming calibration procedure provides accurate

registration. Only a comprehensive analysis of accuracy, workload, and completion time
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can reveal useful information for designing new calibration algorithms and choosing one

that is suitable for a specific OSTHMD application. The analysis is also expected to

determine whether or not the DRC method is a more effective and flexible calibration

scheme than other approaches.

9.3 Experiment Design

The evaluation experiment uses a between-subjects experiment, in which each subject

is assigned to only one factor level of the tested calibration methods. Compared with a

within-subjects experiment, the between-subjects experiment is not affected by “learning

effects” or “order effects”, and the data are guaranteed to be independent between groups

of different factor levels [128]. Another reason for choosing between-subj ects approach

is to make the evaluation data comparable with results from the previous user study [118]

and the other research papers. Furthermore, a between-subjects test is simpler for the

participants and easier to extend. More subjects can be easily added using the same

experimental setup to increase the statistical significance of this user study. The

disadvantage of a between-subjects test is the requirement of more subjects because of

the greater variability. To ensure the statistical significance, the evaluation data needs to

pass an analysis of variance (ANOVA) test [128-130].

This experiment has only one independent variable, the class of calibration methods

(or user procedure options). There are six factor levels (treatments): the four options of
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DRC phase II (DRC-None, DRC-Mouse, DRC-Single Point, and DRC-Multiple Points)

and the two existing OSTHMD calibration methods, SPAAM [88, 89] and Stylus-Marker

Calibration (SMC) [75-77]. The measurements include calibration completion time,

registration error, and mental workload index (NASA TLX).

9.3.1 Participants and Choice of Sample Size

The participants of this experiment are undergraduate or graduate students without

previous experience in OSTHMD or AR systems. Each of the 6 treatment conditions is

assigned to a group of 6 participants. The determination of the sample size in this

experiment is based on statistical power analysis of hypothesis test [131-134] . The

specified values in the power analysis come from results of a past study [118] and the

estimation of the registration errors presented in Chapter 7. The following is the

approach to determine the sample size:

Among the three dependent variables of calibration completion time, registration

error and mental workload index, the registration error is most important and the

collected registration error data must be statistically significant. It is known from the

previous chapters that the DRC method provides smaller registration error than other

calibration methods do. A previous study [118] with a similar user experiment shows that

the mean registration errors of Stylus-Marker Calibration (SMC) and several SPAAM

variants range from 0.9 ~ 3 inches, and the SMC method has minimum mean registration
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error of 0.9 inch measured on a planar evaluation board at a distance of 1.2m. The

estimated registration error of DRC method ranges from 0.1 — 0.5 inch, and the

DRC-None procedure has the upper bound of registration error of 0.5 inch. The

experiment is expected to detect the minimum difference of 0.4 inch registration error

between SMC and DRC-None. So a one-side test of hypothesis can be set up:

H0 :luDRC-None : IUSMC versus Ho :luDRC—None < luSMC , where IuDRC—None is the

(estimated) mean registration error of treatment DRC-None method and [1SMC is the

mean registration error of treatment SMC method. Since the parameter

9 I [JDRC_N0,,e — #SMC is actually the effect being tested, the above hypothesis can be

writtenas Ho:6=0and Hl It9<0.

The power of effect 6 to be detected is specified to be 80% when the significance

level is a =.05. Data from [118] also suggest that the standard deviation of the SMC

registration error data is 0' = 0.2 , which can be estimated as the standard deviation of

the DRC-H options. Using a two-sample pooled t-test with equal numbers n of subjects

in group, a sample size of n = 6 per group is calculated as the required sample size to

detect the minimum registration error difference, and the actual power is 0.8764 in this

situation. A program used for the above power analysis computation can be found at

[135].
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9.3.2 Comparative Treatments

In experimental design, the treatment refers to the factor levels of the independent

variable. This user experiment includes the following calibration methods or user

procedures:

1) Single Point Active Alignment Method (SPAAM) [88, 89]

The SPAAM method calibrates each eye of OSTHMD separately. For each eye, the

subject aligns the OSTHMD image point with a single 3D point in the world coordinate

system. 9 repeated alignments per eye are required for calculating calibration parameters

and the whole calibration takes 18 alignments totally. During the calibration, the

participant is encouraged to move the head around such that more systematic errors in

the tracker measurement can be covered. The user interaction for SPAAM is

comparatively simple but the computation might fail if coplanar data are collected or if

the point alignment errors are too large. In the former case the algorithm fails to proceed

due to internal singularities and in the later case the algorithm locates an incorrect local

minimum.

2) Stylus-Marker Calibration (SMC) [75-77]

SMC is actually a variant of SPAAM calibration in that the alignment point in the

world coordinate system is replaced by the reference point on a handheld tracked stylus.
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The subject aligns the observed OSTHMD image point with a point on this stylus. Other

than this, the alignment procedure, repeated times and the computation are the same as

those of SPAAM. The cases of failure to compute in SPAAM apply equally to the SMC

method.

But the difference on the user interaction does change the alignment difficulty and the

calibration results. A common difficulty for both SPAAM and SMC is holding the head

steady and clicking the mouse to collect alignment data at the same time. Usually there is

a very small interval after the completion of alignment and before the data collection.

During this interval the user needs to hold his/her head still to keep the “registered”

status and to obtain the precisely aligned spatial information of the image and world

points. At the moment of data collection, most users hardly realize a minor head

movement and the corresponding imperfect alignment, which is one of the most common

error sources in the alignment-based calibration approaches. Therefore, an easier or

quicker alignment procedure involving fewer points usually results in more effective and

accurate calibration even though less data is available for computation of the result. A

past study [118] shows that the SMC method makes alignment easier because holding a

stylus in the hand reduces extrinsic body movements. Head motion in SMC is limited to

fixing the head relative to the body and any body motion is transferred to both the head

and the body simultaneously. In SPAAM it is more difficult to hold the head still while

aligning a fixed world point because the larger extrinsic body movement causes the head
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swinging relative to the alignment target.

The configuration of SMC in this experiment is different from the scheme in the

original paper to better fit the vision-based tracking system. As shown in Figure 9.3, a

small square board painted with different fiducial set replaces the traditional stylus and a

tracked point (crosshair) printed on this board is used as the alignment target. The

vision-based tracking algorithm used in this experiment supports multiple tracking

channels simultaneously, which means the position and orientation information of two

different fiducial sets can be extracted from a single camera image at the same time. The

use of four fiducials on the stylus card allows for computation of the pose of the card

from the 16 corner points.

 
Figure 9.3 Stylus-Marker Calibration (SMC) used in the user experiment
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During the experiment, the subject holds the tracked fiducial board in the hand during

the calibration and moves it to align the observed OSTHMD image point with a

reference point on the tracked board. Both must be in the view of the tracker camera. In

the same way as SPAAM, 9 alignments per eye are collected.

3) DRC H-None (DRC-N)

The DRC-II-None procedure directly uses the offline DRC phase I calibration

parameters for the OSTHMD system. There is no user interaction or alignment required.

Thus it’s a very simple and fast calibration option. The DRC phase I calibration is done

before the experiment. Thus, the participants chosen for this method in this experiment

only perform the evaluation procedure.

4) DRC Mouse Adjustment (DRC-M)

In this option, the tracking fiducials are displayed as wire-frame at the position of the

actual fiducials on the LCD panel. As shown in Figure 5.3, the observed wire-frame

fiducials may not exactly coincide with their counterparts. The subject uses a wireless

mouse to adjust the horizontal and vertical position of the wire-frame fiducials (actually

the position of the OSTHMD virtual camera projection center) and overlay them onto the

physical fiducials. The user cannot rotate or scale the viewed fiducials. This adjustment

needs to be done separately on each eye.

101



5) DRC Single-Point Alignment (DRC-SP)

This option takes only one image-world alignment for each eye, and updates the

projection center of the OSTHMD virtual camera model based on a single point

correspondence as described in Section 5.2.2. Like the DRC-Mouse, this option will only

adjust the x, y positions of the OSTHMD projection center. The calibration procedure is

fast and simple, but may be unstable due to errors during the one point correspondence.

This experiment uses the head-hand pointing method in stylus-marker calibration for the

point alignment because a past study [118] shows that this interactive method is more

suitable for the human user and easier to reach high accuracy.

6) DRC Multiple-Point Alignment (DRC-MP)

Multiple point correspondences allow the DRC phase II calibration to adjust the

OSTHMD projection center in the x, y, and 2 directions. From the math derivations

presented in Section 5.2.4, at least two point correspondences for each eye are required

for this option. In this experiment, 4 alignments are taken with each eye. For these 4

point correspondences, every combination of 3 is considered to form a group to compute

the updated OSTHMD projection center. The group with least variance of the computed

OSTHMD virtual camera projection centers is chosen as the effective group, and the (x, y,

2) values of the projection centers in this group would be averaged to get the final

projection center. This procedure has been chosen to make the calibration more reliable
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by omitting one potential outlier. Similar to DRC-Single Point, this procedure also uses

stylus-marker alignments to collect the point correspondences.

9.4 System Setup

The OSTHMD used in this study is a Sony LDl-100B Glasstron stereoscopic display.

The product specification describes it as an SVGA resolution display device with

resolution of 800 X 600, horizontal angle of view of 28°, and virtual image size of 1.18

meters (diagonal), and focal length of 1.2 meters [136]. Figure 9.4 shows a webcam with

a 640 X 480 resolution rigidly mounted on the OSTHMD as a vision-based tracker.

 
Figure 9.4 Webcam mounted on the OSTHMD as a vision-based tracker

During the calibration process a digital camera is used to capture images through the

OSTHMD. These images will be processed to compute the Phase I calibration. A
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professional camera is unnecessary but a camera with high resolution and minimal lens

distortion is preferred to obtain precise calibration results. In this study, a Canon S70

consumer-grade camera (maximum image resolution of 3158 X 2342 pixels) is used to

capture the required images, and all images are saved in uncompressed RAW format.

The evaluation method used in the experiment is based on the online planar

evaluation scheme proposed by McGarrity et al [119, 122, 123]. As shown in Figure 9.5,

the experiment system is implemented on two desktop computers connected using

100Mbps Ethernet. One of the computers works as a visualization workstation, which

tracks the subject’s head position and renders 3D reference points onto the OSTHMD for

the evaluation procedure. The second computer works as a planar evaluation platform,

which uses the LCD monitor panel and a wireless mouse as the evaluation board and the

alignment device, respectively. The DRC phase I procedure is implemented using the

ImageTclAR toolkit [137].
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Figure 9.5 Evaluation system used in the user experiment

A pre-calibrated camera mounted on the OSTHMD providing real-time vision-based

tracking information relative to the fiducial coordinate system by analyzing the current

captured picture of fiducial images placed around the LCD monitor panel [115]. As

shown in Figure 9.6, these fiducials are black-border square patterns with interior shaded

images constructed from orthogonal Discrete Cosine Transform (DCT) to support

orientation determination and unique identification [48]. The OSTHMD image is

updated in real-time upon any changes of the subject’s head position and direction. The

fiducial images around the work area ensure reliable tracking and high accuracy.
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Figure 9.6 LCD monitor panel with fiducials used as the evaluation board

The central area of the LCD monitor panel is used as the planar evaluation board. The

LCD resolution is set to 1280 by 1024 during the experiment, and the physical distances

from the screen pixels to the origin of fiducial coordinate system are measured and

matched to the physical distance. During the evaluation procedure, the subject moves the

crosshair cursor displayed on the LCD screen and aligns it with the 3D point observed

from the OSTHMD. The planar distance between the perceived point on the evaluation

board (LCD monitor panel) and the expected position is collected as registration error

data. This differs fi'om the McGarrity et al. method in that they utilized a tracked stylus

using a Polhemus Isotrack magnetic tracking system. However, the magnetic tracking

system exhibited errors itself on orders of magnitude similar to those expected for the
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DRC method and was deemed unacceptable. The mouse pointing method assumes

hand-eye coordination, but is a familiar activity to most all adult users.

The calibration methods and evaluation procedure in this experiment are

implemented using ImageTclAR toolkit [137].

This experiment measures the three types of measurements for each participant:

1) Calibration accuracy

As described earlier, the quantitative measurement of calibration accuracy used in

this experiment is based on planar evaluation method. This method actually measures the

registration errors of the whole OSTHMD system instead of the errors introduced by the

calibration procedure itself. Because it is impractical to separate errors from difference

sources, the data analysis of this experiment treats the planar registration error as a valid

measurement for evaluating and comparing accuracy of different calibration methods or

procedures. The same approach has proved to be efiective in the past study [118]. Figure

9.7 shows the reconstructed and the actual points viewed from the OSTHMD after an

evaluation test.
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Figure 9.7 Reconstructed and actual points of an evaluation test

Another issue in the evaluation test is the choice of sample size, i.e. the number of

evaluation points to be tested for each participant. In order to average out manual

alignment errors, the subject is required to repeat the evaluation on certain number of

points and the mean value of the collected data is selected as the position. Considering

the fatigue effect of repeating alignment procedure, minimizing the number of samples

while preserving effective evaluation results is important. A simple pilot test was

conducted to investigate the relationship between the evaluation points and registration

error. Two people participated in this study, and each performed the evaluation

experiment with different numbers of evaluation points from 5 to 40. The order for tests

with different numbers of evaluation points was randomized and each subject was given
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a 5-minute rest between tests. The calibration method used for this pilot test is

DRC-Mouse because this procedure requires no user point correspondences during

calibration and thus the point correspondence accuracy for a given user does not affect

the results. Figure 9.8 shows the relationship between mean registration error and the

number of evaluation points. This graph illustrates that this test achieved better accuracy

when evaluation point size is 20. So 20 points each eye was chosen as the sample size

for the evaluation procedure of the experiment. These points are evenly distributed in the

planar evaluation area, and presented in a random order during the evaluation process.
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Figure 9.8 Relationship between the mean registration error and the number of

evaluation points

2) Mental workload
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Mental workload perceived by subjects is measured using NASA Task Load Index

(TLX) [127]. The NASA TLX program requires a subject to rate his/her experience on a

task from 6 aspects, including mental demand, physical demand, temporal demand,

effort, performance and fi'ustration level. The NASA TLX score is a weighted average

score of ratings on the above categories to reflect an overall workload perceived by the

subject. Figure 9.9 shows the user interface of the part one of the NASATLX program.
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Figure 9.9 User interface of the NASA TLX program
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3) Completion time

Completion time measures the time (in seconds) for a participant to finish the

assigned calibration procedure. The participants are kept unaware of this measurement to

prevent unintended speedup of the process. The completion time of the DRC-None

option is not measured because there is no user interaction.

9.5 Procedure

The procedure of the user experiment includes the follow steps:

1) Pretest

Most subjects in this experiment had no previous experience in using OSTHMD or

AR environment. So a warm-up procedure is conducted to make subjects comfortable

with the OSTHMD and familiar with the alignment of virtual and physical objects.

Subjects in this experiment are first briefed about the use of an OSTHMD and the

experimental procedure. Then the experiment administrator would instruct the subject to

run a 2-point alignment test using the OSTHMD. Errors made in the alignments are

explained to the subjects to make sure that they understand the basic skills of the

alignments. Participants can either repeat the pretest once or proceed to the two parts of

the main test: calibration and evaluation.

2) Calibration
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The participants are randomly assigned to one of the treatment conditions (calibration

methods). The procedures for all treatments in the calibration part are described in

section 9.3.2. All the calibration methods are single-eye operation and subjects are told

to close the other eye while working on one eye. As shown in Figure 5.3, instruction text

is displayed on the OSTHMD image screen to help the participants complete the

procedure step by step. The participants assigned to the DRC-None treatment also run an

unused 2-point alignment on each eye to balance the fatigue and learning effect with

other groups.

3) Evaluation

The evaluation is a stereoscopic operation, and the participants are required to keep

both eyes open during the procedure. Participants use a wireless mouse to move a

crosshair displayed on the LCD screen and superpose it on the evaluation point (a small

square) observed from the OSTHMD, and then repeat this step from another view point.

Totally 40 alignments (2 alignments for each of 20 evaluation points) are required for the

evaluation procedure.

9.6 Analysis of Results

36 undergraduate and graduate students at Michigan State University volunteered to

participate in this experiment. Each of the 6 treatment conditions was randomly assigned

to a group of 6 subjects. Most of them have no previous experience in OSTHMD system
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or any AR application. 21 (58.3%) of the participants are female, and 15 (41.7%) are

male. Female and male participants were evenly distributed to treatment groups to avoid

possible gender-correlative effects [138]. All the collected experiment measurements are

used for data analysis.

9.6.1 Descriptive Statistics

1) Calibration Accuracy

In this experiment, calibration accuracy is measured by the average planar

registration error of the 20 evaluation points. As mentioned earlier, accuracy is one of the

most critical factors for evaluating the performance of an OSTHMD calibration method.

Smaller registration error means more precise registration and thus higher accuracy.

Figure 9.10 illustrates the experimental results for calibration accuracy. The values on

the vertical bar are the maximum, mean, and minimum registration errors of each

calibration method. These measurements reveal the accuracy and stability of these

different calibration methods. This plot indicates that the DRC-Multiple Points method is

the most accurate and stable calibration method with a mean registration error of 0.09

inch and a very small variance. The DRC—None method had the largest mean registration

error of 0.48 inch. The mean registration errors of the DRC-Mouse and DRC-Single

Point options are 0.15 inch and 0.13 inch, respectively, but the DRC-Single Point Option

is not as stable as DRC-Mouse as indicated by the larger variance. Both the SPAAM and
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the Stylus-Maker calibration suffer from large variances of registration errors, but

Stylus-Marker demonstrates better mean registration error of 0.20 inch compared to

SPAAM’s 0.25 inch mean registration error. The SPAAM and Stylus-Marker results are

similar to past reported results [118]. The improvement over the past results for these

methods is predominantly due to the much higher accuracy of the vision-based tracking

method.

The experimental results clearly show that the 3 interactive DRC options (Mouse,

Single Point and Multiple Point) provide better and more stable calibration accuracy than

SPAAM or Stylus-Marker methods.
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2) Mental Workload

In this experiment, the NASA TLX score is used as a measurement of a participant’s

perceived mental workload on different calibration methods. This score is a quantitative

direct evaluation on the usability of the tested procedure. Figure 9.11 illustrates the

NASA TLX scores of each treatment. The DRC-None option was not rated because it is

an offline calibration requiring no user interaction. It is shown that subjects running the

DRC-Mouse procedure had the lowest mental workload, which indicates that it is the

easiest and most straightforward calibration among all the tested methods. The TLX

score for the DRC-Single Point method is also very small and only a little higher than

the DRC-Mouse method. The mental workload of DRC-Multiple Point method is higher

than other DRC options, but still less than SPAAM or Stylus-Marker calibration. This is

not surprising, given the similarity between these procedures from a user standpoint.
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Figure 9.11 Mental Workload (NASA TLX Score) of the tested calibration methods

3) Completion Time s

The completion time of a calibration procedure measures the time a subject requires

to finish the calibration process (not the evaluation). This value can be considered as an

indirect measurement of the usability of this procedure. Figure 9.12 illustrates the

completion time of each treatment except for the DRC-None Option which exhibits a

completion time of zero. Among the other 5 calibration methods, the DRC-Single Point

method is the fastest calibration procedure requiring only about 10 seconds to complete.

The DRC-Mouse method is the second fast calibration with average completion time of

12 seconds. The average completion time of DRC Multiple-Point option is around 34
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seconds, which is longer than that of DRC-SP and DRC-Mouse but shorter than the two

slowest methods, SPAAM and Stylus-Maker calibration. All of the DRC methods

exhibit significantly faster completion times than previously reported methods.
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Figure 9.12 Completion time of the tested calibration methods

9.6.2 Statistical Analysis

The comparative observations seem to indicate relationships and differences of the

means and variances of the tested calibration methods. However, due to variances, the

actual mean differences may not be significant as indicated by the values themselves.

Both individual differences and treatment effects could contribute to the mean value of a

measurement. So it is necessary to run Analysis of Variance (ANOVA) tests to justify the
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statistical significance of the collected measurements. ANOVA is a statistical testing

procedure used to evaluate differences between two or more groups (variability) [130]

[139]. ANOVA separates or partitions the variation observable in a response variable into

between-subjects variance and within treatment variance, and explains the major sources

of differences. One-way ANOVA deals with a single independent variable (the

calibration method in this experiment) with two or more levels (the 6 different

calibration methods). ANOVA is used to statistically compare different treatments by

measuring the significance of the mean differences. An alpha value of 0.05 was used for

all ANOVA tests in this experiment.

1) Effect of Calibration Methods on Registration Error

A one-way ANOVA is conducted to evaluate the significance of different calibration

methods on the registration error. The results shown in Table 9.1 indicate there is

statistical significance on the effect of calibration methods on the registration error, with

F0 = 89.30 > F(0_05, 5, 30) = 2.53 andp <<0.01.
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Anova: Single Factor

 

 

 

 

 

SUMMARY

Groups Count Sum Average Variance

Stylus-Marker 6 1.521814 0.253636 0.002555

SPAAM 6 1.174082 0.195680 0.002935

DRC-None 6 2.901866 0.483644 0.001870

DRC-Mouse 6 0.906369 0.151062 0.000120

DRC-Single Point 6 0.785089 0.130848 0.000320

DRC-Multiple Point 6 0.535767 0.089294 0.000342

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.605843 5 0.121169 89.300727 4.35223E-l7 2.533555

Within Groups 0.040706 30 0.001357

Total 0.646549 35
 

Table 9.1 ANOVA test for registration errors of different calibration methods

Note that this test can only be used to reject the null hypodissertation that there is no

treatment effect or the means of the treatments are not all the same (H0 : ,u1 = ,u, = ".116 ),

but does not indicate a statistical test on pair-wise mean differences. Post hoc ANOVA

tests were further conducted to obtain all possible pair-wise comparisons, and the results

(p-values) are shown in Table 9.2. The results indicates that the measured registration

errors of the SPAAM and SMC trend to statistically significant (p = 0.084), but it cannot

be stated that SMC exhibits a statistically significant smaller error. However, that is not

a serious issue here, as the comparison is SMC and SPAAM is not a concern of this

dissertation. The mean registration error of SPAAM is significantly different from the 4

DRC options with all p-values << 0.01. The registration error Of Stylus-Marker
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calibration method (SMC) is significantly different between 3 of the 4 DRC options

(DRC-None, DRC-Single Point, DRC-Multiple Point), but there is near significance

between registration errors of SMC and DRC-Mouse (p = 0.076). Table 9.2 also

indicates that the mean registration errors of any two of the 4 DRC options are

statistically significant.

 

 

 

 

 

 

 

       

SPAAM SMC DRC-None DRC-Mouse DRC-SP DRC-MP

SPAAM - 0.084 <<0.01 0.00066 0.00022 <<0.01

SMC - - <<0.01 0.076 0.019 0.001

DRC-None - - - <<0.01 <<0.01 <<0.01

DRC-Mouse - - - - 0.014 <<0.01

DRC-SP - - - - - 0.0027

DRC-MP - - - — - -  
Table 9.2 P-values of pairwise ANOVA for registration errors of different calibration

methods

2) Effects of Calibration Methods on Completion Time and Mental Workload

One-way ANOVA tests were conducted on the effects of different calibration methods

on completion time and mental workload. The DRC-None option was not tested and

compared because no user interaction is involved in the procedure.

A one-way ANOVA is conducted on the effect of calibration method on completion

time, and the result is statistically significant, with F0 = 102.01 > F(o.05,4,25) = 2.87 and p

<< 0.01. Table 9.3 lists the post hoc pairwise ANOVA tests results for completion time of

different calibration methods. The test results indicate that all of the pairwise comparison

of calibration completion time are statistically significant with most having very small
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p-values. The difference between the completion time of DRC-SP and DRC-Mouse is

still statistically significant, with comparatively higher p-value (p = 0.039) than that of

other comparisons.

 

 

 

 

 

 

 

SPAAM SMC DRC-None DRC-Mouse DRC-SP DRC-MP

SPAAM - 0.017 - <<0.01 <<0.01 <<0.01

SMC - - — <<0.01 <<0.01 <<0.01

DRC-None - - - - - -

DRC-Mouse - - - - 0.039 0.0002

DRC-SP — - - - - 0.0003

DRC-MP - - - - - -         
Table 9.3 P-values of pairwise ANOVA for completion time of different calibration

methods

A one-way ANOVA is conducted to test the effect of different calibration methods on

the mental workload (NASA TLX ratings). The effect was statistically significant

because F0 = 43.10 > F(o.05, 4, 25) = 2.87 andp << 0.01

9.6.3 Discussion

The above ANOVA tests verify the statistical significance of the experimental

findings described in Section 9.6.1. This section explores the possible reasons for these

results and provides further considerations of the accuracy and usability of the different

DRC options and the other OSTHMD calibration methods.

1) Accuracy

Except for DRC-None, the other DRC options demonstrate very good accuracy in
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practice. The experiment results also verify the estimated error range of the previous

sensitivity analysis of the DRC-None Option. The DRC-Multiple Point option provides

better accuracy and more reliable performance than any other Options and the traditional

calibration methods. This validates the dissertation statement that the DRC method is

able to provide very precise calibration for high-accuracy applications. The registration

errors of DRC-Single Point and DRC-Mouse are close to those of SPAAM or SMC

methods, but the DRC options are more stable because of the approximate calibration

from phase I. The DRC-None option uses the Offline phase I results directly, but its

registration error is still acceptable for some low-accuracy applications.

2) Usability

In this experiment, the usability of a calibration method is evaluated by the

completion time and the mental workload. It is not easy to provide a comprehensive

usability evaluation because there is no established method to combine the effects of

completion time and NASA TLX score. Interestingly, no calibration method has shortest

completion time and least mental workload simultaneously. The DRC-Single Point

method needs the shortest time to complete because of only one assignment for each eye,

but its mental workload is slightly more than the DRC-Mouse option, which requires no

point alignment at all. It seems that most experiment participants prefer traditional

mouse-based interaction rather than image point alignment. The DRC Multiple Point

option is less user-friendly than other DRC Options, but it is still quicker and easier than
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SPAAM or SMC because of fewer alignments.

9.7 Summary

The thesis statement about the accuracy and usability performance of DRC has been

verified by the experimental evaluation process described in this chapter. The results are

consistent with the theoretical analysis and the previous studies. The DRC method

demonstrates its advantages over other calibration approaches by providing multiple

options to satisfy the requirements of accuracy and usability.

The analysis of the experimental results demonstrates the following features of the

different DRC user Options:

1) Directly Using DRC I calibration is an approximate offline calibration for

low-accuracy OSTHMD systems.

2) DRC Manual Adjustment using mouse is the easiest calibration method for most

users. This procedure provides decent registration accuracy using simple mouse-based

interaction.

3) DRC Single Point Alignment is the quickest calibration procedure. Depending

on the performance of the single point alignment, the calibration results might not be

consistently stable, but very high accuracy can be achieved.

4) DRC Multiple Point Alignment provides the highest accuracy with acceptable

user efforts and more reliable computation. Precise alignments of image points with
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physical markers are still required to achieve the best accuracy. This Option is an

effective calibration procedure to replace the SPAAM or Stylus-Maker calibration

method in the professional OSTHMD-based AR systems which require high accuracy for

registration.
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Chapter 10 Conclusions and Future Work

This chapter summarizes the outcome of this thesis and also proposes research topics

for future work. This thesis is the first in-depth and comprehensive research on

OSTHMD calibration for AR. The outcome of this thesis includes a new computational

model, an effective and flexible procedure, and the relevant theoretical and experimental

verifications. The Display Relative Calibration (DRC) proposed in this dissertation has

been shown to be an accurate and flexible calibration method for OSTHMD.

10.1 Conclusions

The complexity and limited accuracy of existing calibration methods has limited the

utilization and development of OSTHMD systems and applications. The OSTHMD

calibration problem is different from that of other imaging systems because of the virtual

image plane and the user interaction requirements. Therefore, calibration of an

OSTHMD requires a comprehensive analysis and design instead of a mathematical

solution.

This dissertation describes the computation, procedures, error analysis and

experimental evaluation of the DRC method for OSTHMD-based AR systems. DRC is

an innovative two-phase OSTHMD calibration method with proven high accuracy and

flexible usability. This method demonstrated better performance than traditional

calibration methods in practice, and its multiple Options can be adapted for various
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OSTHMD-based systems and applications.

In summary, this dissertation presents research results that lead to the following

conclusions:

1) The DRC computational model determines the role of user’s eyes in the

OSTHMD imaging system and viewing process and establishes a virtual camera model

with systematic parameters and user-dependent values. The theoretical analysis and

experimental evaluation in this research have shown that this strategy is more accurate

and flexible than existing approaches, which considers OSTHMD imaging system and

user’s eyes as a whole virtual camera model. These traditional approaches have been

shown to be inaccurate and unstable compared with the DRC method because the

solution to the calibration parameters is based on large number of user alignments of

virtual and world points.

2) In the DRC method, the OSTHMD virtual camera parameters are solved in a

two-phase rough-tO-refined approach. This method combines offline image-based

computation and online user procedures to provide reliable and flexible calibration

results.

3) The DRC method takes into account the Optical aberration and determines the

attributes of the curved OSTHMD image plane using triangulation. The information

about the image plane depth and the curve equation is important to improve calibration

accuracy ofDRC and to analyze the registration errors.
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4) Analysis and estimation of the OSTHMD error sources explains that the

calibration error contributes a considerable part to the total registration error. The high

accuracy of the DRC method owes to the specially designed algorithm and

computational Optimization targeting to decrease these error sources.

5) This research demonstrates that there is a tradeoff between accuracy and

usability for a calibration procedure. Therefore it would be better to design or choose a

calibration procedure based on the application requirements and target user group instead

of designing a “fit-all” best calibration algorithm. The DRC has advantages over other

traditional methods because it has multiple options with different levels of accuracy and

usability for different applications.

10.2 Future work

The following research topics can be further investigated in the future work on the

OSTHMD calibration.

1) Correction of curved image plane

Both the sensitivity analysis and experimental evaluation have indicted that the

registration error introduced by the curved image plane is very small, especially when

the image plane is comparatively far from the user’s eye. But a correction of this curved

plane is still expected to reduce the error caused by the Offsets of the user’s eyes. Most

previous studies use texture mapping to correct optical distortion such as the method
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proposed by Watson et al. [109] and polar-based texture mapping meshes by Bax [140].

These techniques suffer from slow performance and A real-time, precise correction

scheme for OSTHMD curved image plane requires further investigation.

2) Design of user alignment method

In the DRC and other existing calibration methods, the user alignment is done by

moving and overlaying an observed graphical mark (usually a crosshair) in the

OSTHMD view onto a physical target. The user needs to start the data collection

procedure at the exact moment when the alignment is reached. This is not an easy task

for most untrained normal users because most of them cannot hold the head still without

hardware support. A new alignment method or a computational optimization needs to be

established to improve the performance of user alignment. In that way, both the

registration accuracy and usability can be significantly improved.
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