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Abstract

With the development of three-dimensional (3D) technologies, the demand for high-

quality 3D content, 3D visualization, and flexible and natural interactions are increas-

ing. As a result, semi-transparent Augmented-Reality (AR) systems are emerging and

evolving rapidly. Since there are currently no well-recognized models to evaluate the

performance of these systems, we proposed a Quality-of-Experience (QoE) taxonomy

for semi-transparent AR systems containing three levels of influential QoE parameters,

through analyzing existing QoE models in other related areas and integrating the feed-

backs received from our user study. We designed a user study to collect training and

testing data for our QoE model, and built a Fuzzy-Inference-System (FIS) model to es-

timate the QoE evaluation and validate the proposed taxonomy. A case study was also

conducted to further explore the relationships between QoE parameters and technical

QoS parameters with functional components of Microsoft HoloLens AR system. In this

work, we illustrate the experiments in detail and thoroughly explain the results obtained.

We also present the conclusion and future work.
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Chapter 1

Introduction

1.1 Background

The vision of a digital twin is a digital replication of a living or non-living physical entity,

introduced by El Saddik [13]. By bridging the physical and the virtual worlds, data

are transmitted seamlessly, allowing the virtual entity to exist simultaneously with the

physical entity. A digital twin facilitates the means to monitor, understand, and optimize

the functions of the physical entity and provides continuous feedback to improve quality

of life and well-being. A digital twin is hence the convergence of several technologies

such as AI, AR/VR and Haptics, IoT, Cybersecurity and Communication networks.

A component of the digital twin vision is three-dimensional (3D) technology, which

has been developing rapidly recent years, and has influenced the industrial, medical,

cultural, and many other fields. As a result, the demand for high-quality 3D content, 3D

visualization, and flexible and natural interactions is growing.

One important method used to display and interact with 3D contents is through an

augmented-reality (AR) system, which enables users to simultaneously visualize real and

virtual contents, and interact with 3D holograms. The first appearance of AR system

1



Introduction 2

was in 1968, when Sutherland developed the first optical see-through head-mounted dis-

play (HMD) system [14]. In 1975, Krueger et al. built Videoplace, a lab containing video

cameras and projectors to offer users an interactive environment [15]. Later, Caudell,

a former Boeing researcher, coined the term “Augmented Reality” [16]. Rosenberg de-

veloped Virtual Fixtures, one of the first functioning AR systems, a full upper-body ex-

oskeleton that allowed Air Force soldiers to perform remote tasks with virtually guided

machinery [17].

AR technology enables users to see a combination of the real and virtual things in

real-time through augmenting virtual holograms on the real environment. Figure 1.1

shows the comparison between the real environment view and the augmented-reality

view. Figure 1.1(a) is the view of the real environment, while Figure 1.1(b) shows the

view of integrating a virtual 3D “tiger” hologram with the real environment using AR

technology, which enables users to see real and virtual contents at the same time. AR

differs from virtual-reality (VR) in the way that VR blocks users from the real world to

provide them more immersive experience [18, 19].

One important aspect of AR technology is the creation of virtual text or models.

When text contents are easily generated, 3D models can be created in many ways. One

method is using graphics and animation software, such as 3DMax, SketchUp, and Maya,

to build the digital models, while another method is 3D reconstruction from real objects

or human [20, 21]. The 3D reconstruction process usually involves acquiring data, build-

ing the point cloud, and converting the 3D model into a triangulated network (mesh)

or textured surface [22]. Because different 3D sensing techniques have different require-

ments for light conditions (visible or invisible lights), result accuracy (for entertainment

or medical use), and sensor configuration (a moving sensor or multiple sensors), users

should choose an appropriate technique according to their specific requirements [23]. The

field of 3D reconstruction has been the subject of intensive and long-term research by
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(a) Real environment

(b) Augmenting a virtual “tiger” on the real environment

Figure 1.1: Comparison of real environment view and augmented-reality view. (a) real

environment (b) augmenting real environment with a virtual “tiger” hologram.
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the graphics, vision, and photogrammetric communities, and is fundamental for AR and

VR development.

AR contents can be augmented on the real environment using a variety of differ-

ent methodologies. Popular mobile AR games, such as Pokemon Go, have attracted

thousands of players by placing virtual creatures on their smartphone screens, which si-

multaneously display the surrounding real-world environment. Users’ reactions to these

mobile AR games are also studied from the aspects of hedonic, emotional and social

benefits, as well as in terms of social norms and physical risks [24]. Though augmenting

contents on phone screens is easy and popular, due to device limitations, the surround-

ing environment cannot be accurately reconstructed to augment 3D contents precisely

and vividly. Therefore, semi-transparent AR devices in the shape of glasses are designed

specifically for AR applications, such as Google Glass and Microsoft HoloLens, provid-

ing users with a comparatively novel way to interact with AR contents [25, 26]. As a

combination of fashion and technology, glasses-like semi-transparent devices have drawn

increasing attention in various disciplines, such as medicine, tourism, education, social

and marketing [27]. For instance, Ro et al. discussed the potential values and barriers

to the use of such devices [25]; Orts-Escolano et al. presented Holoportation, a system

that allows the user to interact with the augmented avatars of remote users in real time

[28]; while Kalantari et al. developed a model to understand individuals’ acceptance of

and reactions to these glasses-like semi-transparent devices in a social environment [29].

Besides differences in visual aspects, semi-transparent AR applications also differ

from mobile phone AR games (e.g., Pokemon Go) in several other ways, such as 3D

holographic displays, enabling more natural gesture control, and augmenting content

based on the detailed surrounding environment instead of directly superimposing content

on the screen.

AR technology can be utilized in many fields, such as gaming, education, machine
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operation, and medical treatments [30]. Since AR does not block users from the real

surrounding environment, as does VR technology, AR is mainly used to develop applica-

tions that interact with the real world, while VR is mostly deployed to design applications

requiring a high degree of immersion.

Significant progress has recently been achieved in the area of AR, and many advanced

AR devices have been developed. For example, Google introduced Google Glass, which

can be worn like conventional glasses, but have many integrated components, such as

CPU, touchpad, microphone, display screen, wireless connectivity, and others [31]. Epson

Moverio BT-300 also uses a pair of eyeglasses to display augmented contents superim-

posed on the real surrounding environment [32]. A recently released AR device HoloLens,

which is developed by Microsoft, differs from most other similar devices in that it itself is

a complete AR system, running the Windows 10 operating system (OS) and containing

a central-processing unit (CPU), a custom-designed holographic-processing unit (HPU),

various types of sensors, and see-through optical lenses with a holographic projector.

Semi-transparent AR systems have attracted considerable attentions, and most research

and development highly depend on the devices themselves. However, currently there are

no well-recognized models to evaluate the performance of semi-transparent AR system.

Therefore, in this thesis, we proposed a Quality-of-Experience (QoE) taxonomy for

semi-transparent AR systems, through analyzing QoE parameters in related fields and

integrating user feedback. We designed a user study to collect training and testing

data for our QoE model, and selected high-level QoE parameters as inputs to build a

Fuzzy-Inference-System (FIS) model to estimate the QoE evaluation and validate the

proposed taxonomy. We also conducted case study to further explore QoE parameters

with functional components from the Microsoft HoloLens AR system.
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1.2 Motivation

Traditionally, aspects of system performance, such as network conditions and video qual-

ity, are usually evaluated with quality-of-service (QoS) models, proposed to capture the

qualitatively or quantitatively defined performance contract between the service provider

and the user applications. Although QoS models successfully measure the technological

quality and functionality of systems with little human involvement, such models fail to

evaluate the user’s satisfaction with interactive multimedia applications or devices, in-

cluding semi-transparent AR systems [33]. Compared to system-centric QoS evaluation

methodologies, quality-of-experience (QoE) metrics are more human-centric and take

into account user-involved interactions, thus also providing a comprehensive overview of

the multimedia devices.

Many research efforts have been undertaken to develop user-centric QoE evaluation

models [12]. For instance, the European Network on Quality of Experience in Multimedia

Systems and Services (QUALINET) has extended the notion of network-centric QoS to

QoE in multimedia systems to develop subjective and objective quality metrics [34], and

defined QoE as “the degree of delight or annoyance of the user of an application or

service”. In addition, Wu et al. also presented a conceptual framework for QoE in a

distributed interactive multimedia environment and developed a mapping methodology

to demonstrate the correlations between QoS and QoE [11]. However, QoE metrics vary

depending on the systems, and the QoE models for other fields cannot be directly used

on semi-transparent AR systems.

To the best of our knowledge, there are currently no well-recognized QoE models for

measuring semi-transparent AR systems. Therefore, we propose a QoE model to evaluate

these devices.
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1.3 Existing Problems

Since a semi-transparent AR system involves large amounts of human-computer interac-

tions (HCI), it cannot be accurately evaluated with QoS models that have pure technical

parameters. Therefore, more user-centric QoE model is needed to describe the user’s

satisfaction level. Compared with traditional system-centric QoS models, human-centric

QoE evaluations can more accurately reflect users’ AR experiences.

Various multimedia applications and devices are designed to satisfy users’ varying

needs, and although there are QoE models for other related fields, there are no unified

QoE models that are applicable to all multimedia devices. Currently, there are no well-

recognized models to evaluate the performance of semi-transparent AR systems.

Therefore, the main problem is the generation of a QoE model for semi-transparent

AR systems to accurately evaluate their AR experience. We start by deriving a QoE

taxonomy containing three levels of influential QoE parameters, and model it with a

fuzzy-inference-system (FIS) using data from our user study to quantitatively evaluate

the semi-transparent AR system. We validate our FIS model by comparing its outputs

(the general user experience) with ground truth user ratings, to prove that our proposed

QoE framework can represent a user’s general AR experience. Details of the QoE tax-

onomy and of the FIS model are described in our work, and we also provided validations

and an analysis of the model.

1.4 Contribution

In this thesis, we proposed a QoE taxonomy for semi-transparent AR systems, designed

a user study to collect training and testing data for a FIS model, selected high-level

QoE parameters as inputs to build a FIS model, and validated the proposed model.

We also conducted a case study to further explore QoE parameters with AR functional
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components. Detailed contributions are as follows:

• Proposed a QoE taxonomy for semi-transparent AR systems, through both ana-

lyzing QoE metrics for other related fields and integrating our own user feedbacks;

• Designed user study based on the proposed QoE taxonomy to collect training and

testing data, and selected high-level parameters as FIS inputs, by evaluating their

relationships with low-level parameters;

• Built a FIS model to estimate the QoE evaluation, and validated the proposed

taxonomy;

• Designed and conducted several case studies to further explore the relationships

between QoE parameters and technical QoS parameters, through designing exper-

iments to evaluate functional components of AR systems.

1.5 Scholarly Achievements

In the process of completing this work, the following publications have been published

or accepted:

• Refereed journal papers:

1. L. Zhang, H. Dong, A. El Saddik, “Towards a QoE model to evaluate holo-

graphic augmented reality devices: A HoloLens case study.” IEEE Multime-

dia, (accepted)

2. Y. Liu, H. Dong, L. Zhang, A. El Saddik, “Technical evaluation of HoloLens

for multimedia: A first look.” IEEE Multimedia, 25.4, (2018): 8-18

3. L. Zhang, S. Chen, H. Dong, A. El Saddik, “Visualizing Toronto city data

with HoloLens.” IEEE Consumer Electronics Magazine, 7.3 (2018): 73-80.
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4. L. Zhang, B. Han, H. Dong, A. El Saddik, “Development of an automatic 3D

human head scanning-printing system.” Multimedia Tools and Applications,

76.3 (2017): 4381-4403.

5. L. Zhang, H. Dong, A. El Saddik, “From 3D sensing to printing: A survey.”

ACM Transactions on Multimedia Computing, Communications, and Appli-
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1.6 Thesis Organization

This thesis is organized as follows:

• Chapter 2: This chapter presents a review of related literature, including AR,

QoE, and FIS.



Introduction 10

• Chapter 3: In Chapter 3, we explain our proposed methods. Details of the system

design, proposed framework, implementation, experiments design and process, are

illustrated.

• Chapter 4: The experimental details and results are exposed in this chapter. We

display and analyze all of the results.

• Chapter 5: In this chapter, we comprehensively discuss and review our QoE

evaluation for semi-transparent AR system, as well as the experiments to explore

functional components and QoE parameters.

• Chapter 6: In this final chapter, we summarize the thesis and present the future

work to be completed.



Chapter 2

Background and Related Works

2.1 Augmented Reality History

Augmented-Reality (AR) is a subclass of Mixed-Reality (MR), which is generally used

to refer to the merging of the real and virtual worlds. Milgram and Kishino presented

the concept of “virtuality continuum” for different display situations, including real en-

vironment, augmented reality, augmented virtuality, and virtual environment, as show

in Figure 2.1 [1]. Each situation can be linked to a point on the continuum, depending

on the degree of its “real” and “virtual” aspects. In this figure, the left extrema real

environment consists solely of real objects, while the right extrema virtual environment

displays solely virtual objects, such as a conventional computer graphic simulation. MR

refers to any point between the extrema of the virtuality continuum, which means real

world and virtual world objects are presented together using a single display. Based on

the ratio of real and virtual contents, MR can be further divided into AR and augmented

virtuality.

The development history of AR technology began in the 1960s, when Sutherland

created the first AR head-mounted system with 3D display and head position sensors

11
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Mixed Reality (MR)

Real
Environment

Augmented
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Augmented
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Environment

Figure 2.1: A representation of the “virtuality continuum” [1].

[14]. Since then, AR has attracted a great deal of attentions, and has been used to

enhance users’ perception of and interaction with the real world.

A well-accepted definition of AR was proposed by Azuma in 1997, who used three

key characteristics to define the AR system [30]:

• It combines virtual and real contents;

• It is able to interact with users in real-time;

• It is registered in three-dimensional (3D).

These three key elements also represent the AR technical requirements, namely, it

should have a screen to display both real and virtual contents, it must track the position

and view-point of the user, and it needs to generate interactive 3D contents in real-time.

Based on AR related publications, Zhou et al. divided AR research areas into two

groups: the first group contains five core topics, which are tracking, interaction, calibra-

tion and registration, AR applications, and display technology; while the second group

reflects more emerging research interests, including evaluation/testing, mobile/wearable

AR, AR authoring, visualization, multimodal AR, and rendering [35]. According to their

report, tracking attracted the most attention as one of the fundamental AR enabling

technologies, and interaction became the second most influential topic, which reflects the

progress made from exploring fundamental AR techniques to apply them on real world

applications. Many recent AR research projects focus on enhancing user interactions with



Background and Related Works 13

the real world and making computer interfaces invisible [19, 36]. The latter is the same

as virtual-reality (VR), which usually uses a HMD device to separate the user from the

real world by showing computer-generated contents, such as Oculus Rift [37]. However,

compared with VR, AR requires higher accuracy to “place” the holographic contents at

appropriate positions in the real world, but demands less realistic image rendering and

a smaller field-of-view (FOV) to create an immersive experience [38]. Based on the key

components from the AR definition, we introduce the development of AR in following

areas:

2.2 AR Visual Displays

There are three main methods for AR visual displays: video see-through, optical see-

through (semi-transparent glasses), and projection on real objects, based on the paper by

Van Krevelen and Poelman [39]. Each method has its own advantages and disadvantages,

and can be selected based on the specific requirements of users.

The video see-through method replaces the reality with a video feed of reality, and

then overlays AR content on it. Since the reality has been transformed to a digital

format, the system can easily mediate or remove contents from reality. In addition, the

brightness and contrast can also be adjusted for both indoor and outdoor use, simply

by evaluating the light conditions. With proper adjustments, the computer generated

objects can blend smoothly into reality [40]. The disadvantages of this method are low-

resolution reality, limited field-of-view, user disorientation, and poor eye accommodation.

User disorientation is mainly caused by eye-offset since the camera’s position is generally

not at the exact same position as the human eyes are [41]. Discomfort display causes eye

strain and fatigue [42]. An example of this type of device is the Pokemon Go game, which

has attracted thousands of players through superimposing their animated creatures on

players’ phone screens when they scan the real surrounding environments [43].
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Figure 2.2: Projecting a virtual “maple leaf” and red color on Parliament Hill (Canada).

The optical see-through (semi-transparent glasses) technique uses optical semi-transparent

material to allow users to see the real-world in tact, and overlays holograms on the real

environment. Semi-transparent systems work by placing optical combiners in front of

users’ eyes. The combiners are partially transmissive and partially reflective, so that the

user can both look directly through them to see the real world, and the virtual images

bounced off the combiners. With this technology, the virtual contents appear ghost-

like and semi-transparent [30]. The first AR system created by Sutherland adopted

this technique. Google Glass, a pioneering AR device, also uses a pair of eyeglasses to

show augmented contents upon the real environment [44]. One drawback is the reduced

brightness and contrast of both the real and virtual contents, making such technique less

suitable for outdoor use. The field-of-view range depends on the design of the device

itself.

Projecting AR contents directly onto real objects has the advantages of not requiring
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special eye-wear and covering a large surface, enabling a wide field-of-view. As shown

in Figure 2.2, the light show of Parliament Hill in Ottawa consists of virtual contents,

such as a maple leaf, being projected directly onto the wall, and hundreds of visitors

can experience the show together without wearing any special equipment. The drawback

is that the projectors need to be calibrated based on the distance and the surface of

the environment. It is also mainly used indoors or at night to increase brightness and

contrast effects.

Besides visual displays, realistic and high-quality audio can also enhance a user’s

experience. For instance, Blessenohl et al proposed a set of context-specific cures that

only require the systems to provide minimal depth-based audio feedback, with reduced

masking of natural sounds, for a general-purpose sensing device [45]. Choi et al. used

the spatial sounds to realize a holographic reconstruction of sound and generate realistic

audio experience for users [46].

2.3 3D Content Generation

Before being displayed, AR contents first need to be generated. 3D models can be

created in many ways. One method is by using graphics and animation software, such

as 3DMax, SketchUp, and Maya, to build the digital models, while another method is

3D reconstruction based on real objects or humans [20, 21].

In the past few years, developments in the field of precisely measuring and recon-

structing 3D models have attracted increasing attention, especially with the release of

the consumer-grade RGB-depth sensor Microsoft Kinect [47]. Large projects, such as the

Digital Michelangelo Project, which created a 3D computer archive of many of Michelan-

gelo’s statues and architectural works, and the Great Wall of China in 3D Project, which

aimed to recreate the whole 6,000km length of the Great Wall of China using high reso-

lution 3D models, are all practical applications of such 3D sensing technologies [48]. 3D
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content reconstruction results are mainly affected by the sensing process and the sensors.

2.3.1 3D Reconstruction Process

The 3D reconstruction process mainly consists of capturing target information with sen-

sors, merging the obtained information based on the sensing methods, and then recon-

structing the 3D model. Based on the configurations of 3D sensing, it can be divided

into three different categories: adopting one moving sensor, adopting multiple sensors

with different views, and adopting one sensor with a limited view, as shown in Figure

2.3. Each configuration has its own advantages and disadvantages depending on its at-

tributes, for instance speed, robustness, flexibility, computational cost, and completeness

of the reconstruction [49]:

Moving 

Sensor

Image 1

Image 3Image N

Moving Track

Target

  
  

(a) One moving sensor.

Moving one sensor around the 

target to obtain full views for 

3D reconstruction.

Image 1 Image 2

Image 3Image N

Target

  
  

Sensor

Image

(b) Multiple sensors with different views.

 Setting multiple sensors around the target, 

and then fusing their different views into 

one 3D representation. 

(c) One sensor with limited view.

 Applying one sensor to obtain a limited view, 

and then reconstructing a rough 3D model 

with database or estimation algorithms

Image 2 Target

3D Model Database

Estimation Algorithms

Figure 2.3: Configurations of different 3D sensing processes

• Adopting One Moving Sensor: although sensing the target with a fixed sensor from

a single view is not sufficient to generate detailed 3D models, users can obtain the

full set of 360-degree views of the physical scene or object by moving the sensor

around the target or by rotating the object. Through fusing all of the sensed

information, a single representation can then be reconstructed [50, 51]. Figure

2.3(a) shows the detailed configuration of this sensing process. This method enables

the use of portable 3D sensors to scan large objects or scenes conveniently without

complex configurations [52]. the operating steps can be easily understood, and the
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sensor’s or turntable’s rotating track, speed and angles can be carefully controlled

[53, 54]. One major drawback of this sensing process is the requirement that the

target remain still for a long time, which is not suitable for certain situations

where there is a lot of movement, for example when sensing infants. Another

drawback is the loop closure problem, caused because the sensing system sometimes

fails to detect the completion of the scanning. As a result, the system cannot

perfectly match the starting scene with the ending scene to reconstruct the complete

3D model [55, 56]. Moreover, various noises and an inappropriate operation of

the sensor may degrade the reconstruction algorithms’ performance. For example,

individual pairwise errors would cause Iterative Closest Point (ICP) failure [57].

• Adopting Multiple Sensors with Different Views: setting two or more fixed sensors

around the target to capture a full 360-degree view concurrently is another widely

used 3D sensing process, as shown in Figure 2.3(b). It can be further divided into

two categories: with sensor calibration (e.g., Photogrammetry) and without sen-

sor calibration (e.g., Multi-View Stereo, known as MVS). Photogrammetry usually

consists of camera calibration and orientation, image point measurements, and 3D

model generation [58]. Among these steps, sensor calibration is crucial to obtain

accurate models, and reliable packages are commercially available to complete this

phase, such as Photomodeler and Menci. Conversely, MVS is more straightfor-

ward and cost-effective because its reconstruction is based on the identification of

the common points within the image pairs. Generally, MVS algorithms can be

classified into four categories based on the underlying object models: voxel-based,

deformable-polygonal-meshes-based, multiple-depth-maps-based, and patch-based

[59]. With this configuration, a relatively high accuracy can be achieved. For ex-

ample, Rau and Yeh realized reconstruction results with an accuracy of 0.26 mm by

carefully calibrating the digital single lens reflex cameras’ exterior and interior ori-
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entation parameters. Furukawa and Ponce also obtained considerably compelling

results using MVS [60, 59]. The disadvantages are that this method always requires

large mounts of computational resources, is limited to well-defined scenes, and may

cause a certain level of interference and accuracy degradation [61, 62, 58].

• Adopting One Sensor with Limited View: despite the rapid development of 3D

sensing technologies, there are still situations in which users cannot move the sensor

or use multiple sensors to obtain the full views of the target. If a 3D reconstruction

is still required in this case, appropriate estimations or 3D model database matching

may need to be applied to reconstruct rough and approximate 3D models rather

than detailed ones, as shown in Figure 2.3(c). Some techniques, such as shape from

focusing, shape from shadows, shape from shading, and shape from photometry,

are indirect, simple, and low-cost ways to solve this problem [63, 64]. Utilizing a

collected or learned 3D database to match the acquired 2D images is also widely

adopted to reconstruct objects or scenes. [65] reconstructed 3D human head models

by extracting features from the 2D detected face and then combined the features

with the matched 3D head model from the database. Although this 3D sensing

process is capable of conveniently and inexpensively generating 3D models from

limited views, the results obtained are usually subject to the estimation algorithms

or matched database and are not suitable for precise reconstructions. Therefore,

this process is used as a compromise when the other two sensing processes cannot

be implemented.

The real environment can also be reconstructed as a 3D model by means of the depth

camera, the environmental understanding cameras, and the KinectFusion algorithm, the

last of which was originally developed for 3D reconstruction using the Kinect depth

camera [52].



Background and Related Works 19

(a.1) Cyberware whole 

body scanner     

(c.2) MESA Imaging 

SR4500
(a.2) Creatform MetraSCAN

210 handheld sensor

(b.2) Microsoft Kinect 

v1

(c.1) Microsoft Kinect 

v2

(a) Triangulation-based

laser sensors

(b.1) LMI HDI 

Advance R3x sensor

(b) Structured-light 

sensors

(c) Time-of-flight 

sensors

(d.1) North Star Imaging 

X-View X5000

(d.2) Toshiba TOSCANER 

20000AV

(d) X-ray Computed 

Tomography scanners

Figure 2.4: Several commercially available 3D sensing devices [2, 3, 4, 5, 6, 7, 8]

2.3.2 3D Sensors

Sensors are also widely used by AR systems to reconstruct 3D models of the surrounding

environment and objects. Several types of sensors adopting various technologies were

developed and/or marketed to satisfy the 3D sensing demands. Sensors are usually used

to measure the shape and appearance of physical objects or the environment and then

generate dense point clouds or polygon meshes to reconstruct the target. Traditional

passive-image-based cameras, which are only capable of capturing 2D images without

depth information, can be used as 3D sensors with careful calibration, feature matching

among images, and/or depth estimation algorithms [60, 65, 66]. Additionally, active 3D

sensing devices have a variety of working principles [67, 68]. Figure 2.4 shows several

commercially available active 3D sensing devices that adopt different working principles,

including triangulation-based laser, structured-light, time-of-flight, and X-ray computed

tomography:
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• Triangulation-based Laser Sensing Devices: triangulation-based laser sensors usu-

ally shine a laser on a subject and utilize a camera to measure the position of the

laser’s dot. Depending on the distance of the object that the laser strikes, the

laser dot appears at different places in the camera’s field of view. This method

is called triangulation since the laser dot, the camera, and the laser emitter form

the shape of a triangle [69]. These types of sensors are usually able to acquire

high-quality information to build precise 3D object models, but they are expen-

sive compared with other sensors and require expert knowledge to be operated.

Examples are Cyberware Whole Body Color 3D Scanner, NextEngine desktop 3D

scanner, and Creaform’s handheld HandyScan scanner [2]. Moreover, targets al-

ways need to stand still during the whole capturing process, which is difficult in

certain situations, such as when creating 3D models of an infant [70].

• Structured-Light Sensing Devices: structured-light devices usually project patterns

of light containing many stripes at once or of arbitrary fringes, which allows the

acquisition of several samples simultaneously. Working as 3D sensors, they of-

fer several advantages at affordable prices and have attracted a large amount of

attention all over the world [54, 71, 72]. Structured-light devices have several capa-

bilities: (1) capturing depth images at a video rate under low light conditions; (2)

operating safely and easily for both the scanned object and the user with a similar

operation to that of video cameras; (3) being able to solve silhouette ambiguities

in pose; (4) simplifying the process of background subtraction; and (5) easily syn-

thesizing realistic depth images of humans [73, 74, 75, 76]. Structured-light devices

have not yet begun to dominate the 3D scanning market because they were not

originally designed as high-quality 3D sensors but were instead developed for ob-

ject detection purpose and as part of natural user interfaces [77]. As a result, they

typically have low X/Y resolution and a high noise level, which affects their accu-
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racy. For example, the first consumer-grade structured-light Kinect v1 had a low

resolution (640×480 pixels for RGB images and 640×480 pixels for depth images),

which usually results in only acceptable accuracy when reconstructing 3D models.

However, researchers are still working on improving that performance. Wijenayake

et al. proposed an error-correcting technique to improve the 3D scanning results

of the structured-light method [78], and Smisek et al. suggested an algorithm

that allowed Kinect v1 to outperform SwissRanger ToF SR4000 in accuracy when

measuring planar targets [79].

• Time-of-Flight Sensing Devices: Time-of-Flight (ToF) sensors work differently than

structured-light sensors. ToF sensors use active sensors to measure the distance

of a surface by calculating the round-trip time of the emitted infrared light, and

commercially available ToF cameras usually employ homodyning methods and op-

erate in a continuous mode [80]. ToF sensors do not interfere with the scene in

the visual spectrum since they use infrared light. They are usually more expen-

sive than structured-light cameras but are cheaper than triangulation laser type

sensors. ToF sensors emerged around the year 2000 because the semiconductor

process became fast enough to deal with such devices and were first introduced by

Lange and Seitz, who successfully realized an all-solid-state 3D ToF range sensor

[81]. Later, Gokturk et al. introduced ToF sensors to the graphics and vision com-

munity through integrating a complete ToF sensor with a complementary-metal-

oxide-semiconductor chip to develop 3D sensors that are highly cost-effective [82].

One application based on ToF sensor is detecting heart rate through monitoring

user’s face, which can obtain similar results as traditional ECG device [102]. ToF

sensors have capabilities that are similar to those of structured-light sensors, such

as the capturing of depth images at normal video rates in low light conditions,

color and texture invariance, and the ability to resolve silhouette ambiguities in
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poses. However, ToF sensors also have certain drawbacks: (1) they suffer from

signal-dependent shot noise, because the process of measuring instantaneous light

power with semiconductor substrates involves a conversion from photon energy

to electron displacement [83]; (2) they have random noise and notable systematic

measurement bias [84]; (3) the images are occasionally compromised by scattering

and motion blur problems [85]; and (4) they usually capture depth images at a

rather low resolution [77]. Among ToF companies, MESA Imaging produced the

Swiss Ranger SR4k family [6], PMD developed the PhotonlCs series [86], Canesta

developed the CanestaVision, and Microsoft created the Kinect v2 [47].

• X-ray Computed Tomography Sensing Devices: although conventional Computed

Tomography (CT) is a medical imaging technology used to generate a 3D image of

the inside part of an object, industrial X-ray CT is able to reconstruct a 3D model

of both the internal and external structures of the scanned target using a number

of 2D images. These images are obtained with X-ray radiation in several positions

around an axis of rotation [87]. As a non-destructive sensing technique, X-ray CT

is able to measure both the inner and outer geometries of a solid object without

the need to destroy or cut through it. X-ray CT can also have a high resolution or

density, for example, X-View X5000, shown in Figure 2.4 (d), has a best resolution

of 500nm. Another advantage is that it can scan several types of surfaces, shapes,

colors, and materials with certain densities and penetrable thicknesses [88]. X-ray

CT has the following limitations: (1) it can only sense objects within its maximum

penetrable thickness, otherwise, the resulting X-ray images will be of low-quality,

since the object absorbs too much energy; (2) X-ray is inherently noisy, as is the

detector and its amplification, which limits the X-ray CT’s performance; (3) most

industrial X-ray CTs do not function with live body scans; and (4) scanning a

multi-material object could fail if the sensing device cannot detect the changes in
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the material during the scanning process [89, 88].

2.4 User Interaction

User Interaction refers to the interactivity between users and the computing device.

It can be realized in several ways, such as gesture control, voice commands, and user

movements.

Figure 2.5: Immersive user interaction [9].

Gesture control has attracted a great deal of attention as an important method for

user interactions [90]. These methods are mainly based on detecting the hand or finger

from the captured image or video feed during the interaction, and estimating or tracking

its position to match pre-defined commands [91, 92]. With accurate hand or gesture

detection and recognition, immersive user interactions can then be realized, such as in

the example of Figure 2.5 [9], which shows a user using his/her bare hands to interact
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with a hologram naturally and immersively.

A lot of research has been conducted in this field. For instance, Zhang et al. proposed

a “visual screen” by putting a webcam in the center of the computer monitor, and using

different colors to segment a hand from the background and enable further finger features

matching [93]; Cheng et al. realized a 3D pointing system which allows users to interact

with large-size displays using their bare hands and a camera [94]; Hoang et al. positioned

one camera to determine if the user’s finger was in the detection region, and used another

camera to recognize the gesture commands; Wang et al. proved that the finger tips

always have the highest ratio curve in a hand contour after Fourier Transform, which

could be used for finger tips extraction [95]; Anagnostopoulos et al. found all object

contours in the image captured by a webcam, and used hand features like dimensions

and shape to wipe out non-hand objects [96]; Zhang et al. mounted a camera on top of a

screen to realize touch control, and linked it to a haptic video chat system [66]; Wang et

al. proposed a chroma-keying method to extract key information from the background

[97, 98]; Gao et al. proposed a way to reduce noise during detection, using low pass

spatial filtering [99]; Kang et al. assumed that skin color varied inside a certain range,

and indicated that the red component of skin color was in the range of 37 to 60, whereas

the green component of the skin color was between 28 to 34. They then used OpenCV to

perform a faster RGB to YUV conversion in order to make the color ranges more robust

to changes in brightness and intensity [100]. The development of the depth camera also

brings new methods of gesture interaction, and is widely used for semi-transparent AR

systems [101].

While gesture control is not accessible or does not work efficiently with certain tasks,

voice control offers an alternative way to interact with computing devices. James and

Gurram proposed a system including a first user interface and a voice extension module

to realize voice control functions [103]; to ensure high-resolution and deal with large-
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size display, Jacobsen et al. presented a method to remotely control devices with a

combination of voice commands, hand motions, and/or head movements, providing access

to application software that can work on a remote host device, and can successfully

overcome physical limitations [104].

2.5 Head Pose Estimation

Head pose estimation is crucial for an AR system, since it plays a key role in seamlessly

blending virtual objects with the real environment. Back in 1997, this registration issue

was considered “one of the basic problems currently limiting augmented reality” [30].

Various kinds of methods and sensors, such as ultrasonic devices, mechanical devices,

inertial devices, magnetic sensors, GPS, optical sensors, and compasses, have been used

to solve this problem, but every method has its own limitations [105]. Vision-based

marker or markerless methods are also being developed quickly for end-user or industrial

applications [106]. One advantage of a markerless head pose estimation is that it allows

users to move freely without wearing special markers, which enables it to be used in

normal life, instead of just for research or testing purposes.

The head posture of a AR user can be determined from the position and orientation

of the device, and estimated by the inertial-measurement unit (IMU) and the iterative-

closest-point (ICP) algorithm [101]. The accuracy of this posture estimation is in large

part responsible for the tracking performance of the system [107].

Along with the head pose estimation is the virtual environment processing, which

receives information from the head posture, the real environment, and the user control

components, to process the obtained data and calculate the desired locations in order to

augment the real environment with computer-generated holograms.
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2.6 Hardware Components

As opposed to most other AR devices, which need to be connected to an external com-

puting machine with a cable or by a wireless connection, recently launched independent

AR system Microsoft HoloLens, which greatly advanced this field [108]. As a complete

AR system, HoloLens itself integrates all required components, running the Windows

10 operating system with cutting-edge AR technologies. The hardware components

of HoloLens are shown in Figure 2.6, and the components are (1) processing units;

(2) two pairs of environment understanding cameras; (3) infrared laser projector; (4)

depth camera; (5) HD video camera; (6) ambient light sensor; (7) holographic projector;

(8) see-through optical waveguide lenses; (9) microphones; (10) built-in speaker; (11)

battery [109]. There are also other components, such as an inertial-measurement unit

(IMU). The processing units of HoloLens consist of a central-processing-unit (CPU) and a

holographic-processing-unit (HPU). Its CPU is a 14nm Intel 32-bit system-on-chip with

1GB of RAM, and its custom-designed HPU is a TSMC-fabricated 28nm coprocessor

with 24 Tensilica DSP cores arranged in 12 clusters and occupying another 1GB of DDR

RAM and 8MB of SRAM [110]. Therefore, HoloLens can process all required tasks itself,

such as detecting the surrounding environment, and interacting with users through ges-

ture and voice commands. HoloLens has attracted considerable attention. For example,

Avila et al. presented the basic capabilities of HoloLens [111], Furlan provided a gen-

eral data flow pipeline for the hardware and user control system of HoloLens to conduct

an intuitive experiment [108], and Lu et al. illustrated several examples of the use of

HoloLens for immersive analysis and discussed the new opportunities and challenges the

system presents for visualization and visual analytics [112].
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Figure 2.6: HoloLens hardware components.

2.7 Computing Performance

As previously introduced, an AR system contains several functional components and

needs to deal with a large amount of information while operating. Therefore, it requires

a rather high computing performance. If it is connected to a computing machine with

a cable, it limits the user’s movement; if it is portable, the computing performance may

be compromised.

As part of our evaluation of the semi-transparent AR system, we developed an AR

city data visualization application and measured its computing performances when users

were completing required tasks [113].

2.7.1 City Data Visualization

Generating 3D content to visualize an abstract database is an interesting, prevalent,

and appealing topic. It helps people better comprehend and manipulate the data. City

data visualization can contribute to a quick understanding of what the data stands for,

and therefore reduce the work and complexity related to city management and decision-

making. As a consequence, a digital, smart, efficient and sustainable city can be expected
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to improve and to facilitate the life of its citizens [114].

Without a doubt, city data plays a crucial role in the construction of a smart city.

It contains various types of data from the city, and can be used to visualize, analyze,

and predict the state of the city. For example, Dong et al. introduced available open

data sets from seven Canadian cities, and listed several applications utilizing these data

sets for visualization, localization, and analysis [115]. Lv et al. built a 3D Shenzhen city

web platform, based on a geographical information system, to enable the visualization of

different types of city data, such as 3D building model data, resident information, and

real-time and historical traffic data [116]. This demonstrates that the progress of 3D

technologies further facilitates the process of 3D city data management [117].

To explore the computing performance of a semi-transparent AR system for city data

visualization, we developed a 3D Toronto city data visualization application to evaluate

the computing power of HoloLens.

2.7.2 Combining AR and Data Visualization

Most city data visualization applications, such as the two aforementioned examples,

are implemented with traditional desktops or laptops, and are shown through daily-

use computer monitors. Though this method can satisfy the requirements for city data

visualization, it is hard to improve the moving flexibility, the visual quality, the natural

level of user interaction, and the grouping with other real devices or objects. However,

recent developments in AR technology bring a new way to visualize city data, providing

several advantages in city data visualization, especially when compared to traditional

display methods:

• Flexibility: traditional monitors are usually fixed at one position with limited rota-

tion angles, while semi-transparent AR systems can manipulate and demonstrate

large-scale city data (up to 1.4m×1m in our implementation) with more flexibility,
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such as on a table, on the wall, on the ground, or even in the air, and with either

horizontal or vertical views.

• Natural interaction: Semi-transparent AR systems enable a more natural interac-

tion experience than that using indirect interfaces, such as a keyboard or a mouse.

For instance, if a user wearing an AR system wants to see more details of a region

in a city, he/she can simply move closer to it. They can also interact with the city

data using gestures or voice commands.

• Combination with real devices/objects: Since AR technology is able to display vir-

tual contents upon the real environment, it can easily be combined with real devices

or objects to offer users a special experience. For example, real haptic feedback

devices can be placed to geographically overlap with augmented city buildings, and

then provide different levels of force feedback that represent the crime rates of cor-

responding buildings when users touch these buildings. In addition, city data can

also be combined and displayed on a real paper map to augment it.

• Visual quality: With an advanced holographic projection system, AR systems can

also provide vividly augmented contents for users.

Since HoloLens integrates all components into one head-mounted device, it processes

city data visualization with its own CPU and HPU, as mentioned previously. Therefore,

we conducted experiments to track its computing performance, including CPU usage,

HPU usage, memory occupation, SoC (system-on-chip) power consumption, and system

power usage. This evaluation is of great importance to enable AR developers to be aware

of the computing capabilities while developing their AR applications.
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2.8 Quality-of-Service

Many Quality-of-Service (QoS) models have been used in traditional fields, such as net-

work conditions, to indicate the quality and functionality of various technologies used

in applications with little human involvement [118]. QoS models mainly use technical

parameters to evaluate the quality and functionality of systems. For instance, QoS pa-

rameters, such as capacity, data rate, end to end latency, number of connects, cost,

spectral efficiency, and channel bandwidth, are used to define network communications

[119, 120].

Many works related to network QoS have been conducted. For example, Banerjee

et al. used a QoS access point to allow the transmission between Bluetooth units and

WLAN client stations [121]. To overcome the diminished QoS by wireless network service

providers, such as cell terminal changes, Agrawal et al. proposed a system to provide

and maintain high-level QoS [122]. To improve the performance of network intrusion

detection and protection functions with high-speed networks, Bulajoul et al. used QoS

configuration and parallel technologies to overcome the weakness of such networks, in-

cluding dropping packets under heavy traffic and high-speed, and being unable to deal

with multiple packets simultaneously [123].

Network QoS are also widely used for smart cities, Internet of Things, and cloud

computing. With the development of the smart city, different QoS parameters have been

proposed to suit aspects of human life, such as transportation, infrastructure, buildings,

governance, energy control, communications, and health care [124, 125]. Since emerg-

ing Internet-of-Things requires low-power remote wireless sensors as a key technology,

its requirements for networks are rather high. Therefore, Gaddour et al. proposed

QoS-aware routing for both static and mobile IPv6-based low-power [126]. Chen et al.

proposed measurement techniques to evaluate the cloud gaming systems to decide if the

systems deliver good user-perceived QoS [127]. Their results show that cloud gaming
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systems with adaptable frame rates, better graphic quality, shorter server processing

delays, and lower network bandwidth consumption, can receive higher QoS scores. In

addition, Abdelmaboud et al. used a systematic mapping study to address the QoS of

cloud computing [128].

Besides network areas, QoS are also widely used in other fields, such as power con-

sumption and smart grids. For instance, You et al. selected frame-per-second as the

key QoS parameter while using dynamic voltage and frequency scaling techniques to bal-

ance the requirements of QoS and the power consumption of GPUs embedded in mobile

systems [129]. Sahin et al. applied wireless sensor network concepts with a smart grid,

which is a modern power grid system with advanced sensing, monitoring, control, and

communication capabilities [130]. They evaluated harsh smart grid environmental con-

ditions with multi-path and single-path QoS-aware routing algorithms to estimate the

capability differences.

2.9 Quality-of-Experience

Though with QoS models it is easy to develop measurable standards to indicate the qual-

ity and functionality of technological systems with little human involvement, they fail to

evaluate user’s satisfaction level with interactive multimedia applications or devices [33].

Thus, many research efforts have been conducted to evolve user-centric QoE evaluation

models.

In the field of virtual reality, Steuer proposed vividness and interactivity as the two

essential elements influencing the user experience [10]. According to his paper, vivid-

ness is defined as the representational richness of a mediated environment, which is then

further divided into sensory breadth and sensory depth, referring to the number and

resolution of the presented information, respectively. The second element, interactivity,

is used to describe the extent to which users can participate in modifying the content
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Figure 2.7: Telepresence QoE and QoS metrics [10, 11].

and form of a mediated environment in real time, and is evaluated with speed, range,

and mapping. Later, consistency is added as another essential element for distributed

interactive multimedia environments, and is further classified into temporal and spa-

tial aspects [11]. Figure 2.7 illustrates the dimensions of telepresence with these three

essential elements and their sub-elements.

Considering haptics (the sense of touch) as an important aspect of a virtual environ-

ment, Hamam et al. proposed a QoE evaluation taxonomy associated with Haptic-Audio-

Visual Environments (HAVE) [12]. They define QoS as a part of QoE, since it affects a

user’s general experience. Therefore, as shown in Figure 2.8, they adopt QoE as the inte-

gration of QoS and the User Experience (UX): QoS is divided into network/standard QoS

(e.g. Latency and response time) and HAVE rendering qualities (e.g. graphics, haptics,

and cross modality); and the UX is classified as user state measures and performance

measures.

Because different applications and devices are designed to fulfill users’ various needs,

there are currently no unified QoE models to suit all of the applications and devices. The

European Network on Quality of Experience in Multimedia Systems and Services (QUA-

LINET) has been extending the notion of network-centric QoS to QoE in multimedia

systems to develop both subjective and objective quality metrics [34]. They distinguish
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Figure 2.8: QoE taxonomy for haptic-audio-visual environments [12].

one perception path and one reference path to explain the actual quality formation pro-

cess, define QoE as “the degree of delight or annoyance of the user of an application or

service”, and emphasize that QoE for visual and audio feedback needs to be combined

with haptic feedback to provide a joint multi-sensorial and multi-dimensional QoE metric

[34].

Quality of Experience (QoE)

Video frame rate, response time, PSNR Application QoS

Burst density, gap density (RTP related) System QoS

Packet loss, delay, bandwidth, video bit rate Network QoS

User Level

Application Level

System Level

Network Level

Figure 2.9: Conceptual relations of QoE and QoS at different levels of the communication

model [11].
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Based on the layers of the communication network model for a distributed interactive

multimedia environment, Wu et al. illustrated the conceptual relations with the QoS and

QoE of different levels [11]. Figure 2.9 shows that network levels mainly consist of QoS

packet loss, delay, bandwidth and video bit rate; system levels contain burst density

and gap density; application levels have important QoS parameters such as video frame

rate, response time, and others; while user levels are generally evaluated with QoE. Each

high level is affected by the QoS of its lower levels, and the final QoE evaluation can be

affected by all lower level QoS parameters.

There are also several QoE models proposed for other fields, such as http streaming

and 4K video delivery. For example, Ge et al. presented a system architecture for QoE-

assured 4K video delivery [131]. In addition, Mok et al. investigated the relations among

HTTP video streaming’s network QoS, application QoS, and QoE [132]. Bentaleb et

al. utilized a software-defined-network in their architecture to optimize QoE in HTTP

adaptive streaming, while maximizing per player QoE by addressing scalability issues

such as network resource underutilization, video instability, and QoE unfairness [133].

There is also some research related to AR QoE evaluations. For instance, Keighrey et al.

presented a QoE model for AR and VR speech and language evaluation; and Evans et

al. evaluated HoloLens’ computing capabilities and spatial mapping accuracy for their

assembly instruction application [134, 135].

Different multimedia applications and devices have various structures, and are specif-

ically targeted at users’ different needs. Currently, there are no well-recognized QoE

models to suit all applications and devices. In addition, QoE parameters in the field of

AR are not yet well defined and selected. To develop a framework for general AR QoE

evaluation, we propose a QoE taxonomy for semi-transparent AR system, in order to

comprehensively measure its performances from a real user’s perspective, and build a

fuzzy-inference system for it.



Chapter 3

The Proposed QoE Evaluation

Framework for Semi-Transparent

AR System

In this chapter, a detailed description of the proposed Quality-of-Experience (QoE)

framework for semi-transparent AR systems is given. Our proposed AR QoE frame-

work is composed of one taxonomy and one Fuzzy-Inference-System (FIS) model, and

the FIS model is based on the taxonomy. We first introduce the method adopted to ob-

tain the proposed QoE taxonomy, then talk about the user study we designed to collect

training and testing data for our QoE model, and finally select high-level QoE param-

eters as inputs to build a Fuzzy-Inference-System (FIS) model to estimate the overall

QoE rating scores. We also conducted case studies to further explore the relationships

between QoE parameters and technical QoS parameters with functional components of

Microsoft HoloLens AR system. Details of each component’s experiment design, testing

environment, user information, and results are explained in the following parts.

35
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3.1 Proposed Quality-of-Experience (QoE) Taxon-

omy

As previously mentioned, several QoE models have been proposed for virtual environ-

ments, haptic-audio-visual environments, networks, video streaming, and many other

fields, as shown in Figure 2.7, Figure 2.8, and Figure 2.9. Since different fields use vari-

ous key parameters for their QoE evaluation, we selected the QoE parameters that affect

semi-transparent AR experience from some existing models [34, 10, 12], and integrated

the feedbacks from our designed user study, to propose a conceptual QoE taxonomy

to evaluate such devices. For instance, our QoE influential parameters “content qual-

ity” and “user interaction” are derived from “vividness” and “interactivity” in Steuer’s

QoE model for telepresence, and are explored with more detailed lower-level parameters

[10]. These parameters and their levels in the taxonomy are also further adjusted based

on feedback from our user study, to ensure they can reflect users’ true experience of

semi-transparent AR system.

Based on the special attributes of semi-transparent AR systems, our taxonomy is

mainly composed of four high-level (1st-level) parameters: content quality, hardware

quality, environment understanding, and user interaction. To clearly illustrate and ex-

tend our proposed taxonomy, we further explore each high-level parameter’s lower-level

(2nd- and 3rd-level) aspects (e.g. speed and precision). Figure 3.1 demonstrates the en-

tire QoE taxonomy including all parameters for semi-transparent AR system evaluation

[136]. More details are given in the following parts.

3.1.1 Content Quality

Content quality is the core of an AR system. Two significant factors that influence the

content quality are: information realistic level and required user focus level.
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Figure 3.1: Proposed QoE taxonomy for semi-transparent AR system evaluation.
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Firstly, the realistic level of the contents, generated by an AR system, should at least

meet a user’s basic requirements. For instance, an augmented “cup” on the table should

not look like a “book”, and a voice from the front should not sound like it comes from

the back. Generally, AR usually has lower realistic content requirements than VR, which

demands vivid contents to totally immerse users in the virtual world. Besides commonly

mentioned visual and audio contents, other properly integrated sensory contents, such as

haptic feedback, odor, and taste, can also increase a user’s interaction experience [137].

Haptics, which is related to the sense of touch, can greatly improve the interactions

through proper force feedback. Users will feel as though they were interacting with “real”

objects or humans [138, 139]. Digital odor and taste have also attracted lots of attention,

since they can make the AR experience more realistic, and therefore enhance the user’s

overall experience. For instance, when a user wants to interact with an augmented

“flower”, he/she can touch it with haptic feedback, smell the fresh scent and taste it

with digitally generated odor and taste. For these reasons, we also listed them on our

QoE evaluation taxonomy. However, to focus on the general AR experience, we did not

put them in our QoE user study questionnaire, as the semi-transparent AR system we

selected does not provide these options.

Secondly, different applications demand various levels of user focus, which can have

an impact on the required realistic level of the content. For example, intense shooting

games make users mainly focus on the target, instead of the surrounding environment.

As a result, the realistic level of the target should be higher than that of the background.

However, for AR museum tourism, the user will usually be relaxed, and may look around

each hologram, which means that high-quality AR contents are necessary to improve the

user experience. Similarly, if augmented text or words can deliver precise information to

a user, its realistic level is considered acceptable, regardless of the font, size, or position.

An example is an AR navigation system, if the “direction arrow” can accurately show
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the way users need to go, it will be considered as acceptable.

3.1.2 Hardware Quality

Since users usually need to move around wearing an AR device to interact with the

augmented contents and the surrounding environment, AR hardware quality can greatly

influence the user experience.

The first concern should be the user’s freedom of movement. Traditional semi-

transparent AR devices usually require cables connected to powerful external computing

machines to transmit and process corresponding contents, which largely restricts the

movements of users. With the recent developments of microprocessors and increased

computing capabilities, HoloLens itself integrates all required components to become a

complete AR system running the Windows 10 operating system with cutting-edge AR

technologies. It processes data and computing with an embedded CPU and a specifically

designed holographic-processing-unit (HPU), which dramatically increase its capability

to process AR holograms. Since it is a single integrated device, users can move freely

while wearing it, and can thus better interact with both the real environment and the

augmented virtual holograms, instead of being restricted by the cables.

Another evaluation criterion is the comfortable level of the device. As most AR de-

vices adopt head-mounted display (HMD) that is designed to enable the user to promptly

adjust the display screen’s position based on their movements and facing directions, the

user’s head needs to bear the whole weight of the device at all times. For hand-held AR

devices, e.g. cellphones with Pokemon Go, though they can be carried around easily,

they usually do not offer 3D visualization, may cause hand fatigue, and have limited

interactions with the surrounding environment. Therefore, the quality of the design and

materials closely affect the user experience.
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3.1.3 Environment Understanding

As previously mentioned, compared to VR devices, AR devices have a special require-

ment to understand the real surrounding environment, in order to lay a foundation

before “augmenting” the reality. AR devices need to detect the locations of real-world

objects around the user, estimate the user’s relative position and facing direction, and

occasionally, even recognize the objects or humans. Therefore, we consider environment

understanding to be a unique aspect of the semi-transparent AR system QoE evaluation

model.

Though AR contents can be augmented on the environment based on simple depth

detection, some AR devices still require users to reconstruct the 3D models of the room

or place in advance, to enable faster interactions.

We divide this category into two sub-categories. Firstly, the augmented elements

need to fit the surrounding environment in both content and position to make them more

meaningful. This matching between the real environment and the augmented components

will make the application realistic and natural for the user. For instance, the generated

virtual object on a real table should be a “cup” instead of a “car”, and the “cup” should

be at a proper location of the table, rather than floating in the air. Secondly, since users

frequently change their positions and looking directions, AR applications should be able

to respond quickly and precisely to environment changes to avoid mismatches between

the real and augmented environments.

3.1.4 User Interaction

Unlike applications that only display pre-designed contents, AR applications involve

a certain amount of user interactions. Thus, evaluating user interactions becomes an

important part of our QoE taxonomy.

The first component is the natural level of interaction, meaning the definitions of
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the ways that users interact with the application. For instance, wave hand right or

left to switch content, press finger forward to push a “button”, and say “close” to shut

down the application. If users want to shake hands with the hologram of another user,

they can simply move their hand forward to do it. In our taxonomy, we summarize

these defined interactions into commonly utilized methods such as gesture, voice, and

movement commands.

For gesture commands, users can simply perform the pre-defined gesture to activate

the corresponding action; voice commands can be used to match stored voices, or can

be further increased and combined with natural language processing technique to create

more natural user interactions; body or head movements can be tracked by IMU sensors

embedded in the AR device and the ICP algorithms.

Another inevitable component is the precision and speed of the system’s response

to user interactions. Taking much time to respond to a user’s interaction commands,

or incorrectly interpreting certain commands, can degrade a user’s experience with the

semi-transparent AR system, or even make them lose interests.

This task is challenging because an AR system interacts with various complex envi-

ronments. Gestures may blend with different backgrounds, users can have different hand

sizes and gesture styles, voice commands may be affected by other noise, and movement

tracking can also be degraded by mismatching and inaccuracy.

3.2 Fuzzy-Inference-System (FIS) Model Design

We conducted a user study to evaluate the QoE parameters in our proposed taxonomy

for semi-transparent AR system evaluation. We asked the participants to fill out a ques-

tionnaire regarding all of the QoE parameters in the taxonomy (except haptic feedback,

odor, and taste), and give an overall rating score (0-100) for the quality of their AR

experience. Based on their ratings, we selected high-level QoE parameters as the inputs
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for the Fuzzy-Inference-System (FIS). Details of the user study will be given in the next

section, where we will first introduce the design of our FIS model, the general architecture

of which is shown in Figure 3.2.

Content Quality

FIS Model for 
AR Decive QoE

Evaluation
Hardware Quality

User Interaction

(Mamdani)

(43 Rules)

Output for Overall 
Rating Score

Environment Understanding

Figure 3.2: General architecture of the FIS evaluation system.

A QoE evaluation focuses on the subjective feeling of the users, and its parameters

are also subjective and fuzzy in nature, which makes it too complicated to represent

them with classic linear approaches. For example, if we use a three-dimensional (3D)

curve to represent the score mapping from two high-level parameters (content quality

and environment understanding) to the overall rating score, when setting the other high-

level parameters as average values (50), we obtain their nonlinear relations. Therefore,

we designed a FIS model based on part of the user data, to map the input parameters

into the output using fuzzy logic, namely, building fuzzy IF-THEN rules with natural

language to formalize the reasoning process of human language, and generating a decision

based on the evaluation questionnaires.
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3.2.1 Selecting the Fuzzy Inference System Type

Fuzzy logic deals with the imprecise terms in a way that is similar to how our brain

assimilates information (e.g. the temperature is hot, not the temperature is 23 degrees),

and then responds with precise actions. In this way, it is able to reason with uncertainties,

vagueness, and judgments.

Generally, a FIS consists of four modules: fuzzification module, knowledge base,

inference engine, and defuzzification. It is flexible to add or delete rules, which is built on

top of the acquired knowledge. In our design, we selected the well-known and commonly-

used Mamdani FIS [140]. Mamdani’s method first applies input fuzzification to the inputs

with fuzzy operators, and then obtains a new fuzzy set with a fuzzy implication operator.

Outputs of all rules are fused into a single fuzzy set using a fuzzy aggregation operator.

To calculate a crisp output value for the decision problem (e.g. final score of the system

evaluation), a defuzzification method called Centroid can be used.

3.2.2 Choosing the Input and Output Variables

In the presented taxonomy, we have introduced four high-level parameters and their

corresponding low-level ones. To make the model more manageable and reduce the

number of possible combinations, we chose the high-level parameters, including content

quality, hardware quality, environment understanding, and user interaction, as the input

variables of the FIS. The model then generates a crisp overall rating score ranging from

0 to 100 as the output variable.

To unify the measurements for input and output variables, we transfer all input

answers Iin, which are from 1 to 5, into percentage values Ip, ranging from 0 to 100 as

Ip =
Iin − 1

N − 1
× 100 (3.1)

where N represents the number of answer options, which is 5 in our case. Therefore, the
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raw input data is divided into five groups: 1 mapped to 0, 2 mapped to 25, 3 mapped

to 50, 4 mapped to 75, and 5 mapped to 100. All following contents mentioning input

values are represented with this percentage format.

3.2.3 Defining Membership Functions

Fuzzy set theory deals with degrees of truth and degrees of membership, and membership

functions (MFs) represent the fuzzy subsets of each variable. Here we first defined MFs

for variables of high-level parameters. Since each question in our questionnaire regarding

high-level parameters has five answers (1 to 5) to choose from, we divided each input

variable into five equal MFs with triangular shapes, namely, very poor, poor, fair, good,

and excellent. Each input value was then transformed to the corresponding MF based

on its degree of membership. For instance, the value 50 is “Fair”, and the value 75 is

“Good”. In fact, our user study results show no rating scores in the “very poor” range,

which was thus omitted.

As the overall rating score is more dispersive than the input score, we used the Fuzzy

c-means (FCM) clustering method to define the output’s fuzzy sets before generating

MFs, similar to the approach used in [12]. Since all of the scores from the questionnaires

were larger than 50, we divided the outputs into 4 groups. The detailed results are given

in the next chapter.

3.2.4 Deriving Fuzzy Rules

Since we have defined MFs for each high-level parameter as well as the overall rating

score, user data from questionnaires can then be transferred to the corresponding MFs

to build fuzzy rules. For example, if a user rates the values for content quality, hardware

quality, environment understanding, user interaction, and overall rating as 75, 50, 100,

75, and 85, respectively, these values can then be interpreted into MFs as Good, Fair,
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Excellent, Good, and Good, respectively, and a fuzzy rule can be derived as:

IF content quality is Good,

AND hardware quality is Fair,

AND environment understanding is Excellent,

AND user interaction is Good,

THEN the overall rating is Good.

Based on this method, each sequence of user data can then be transformed into the

format of a fuzzy rule, as listed above, and can be integrated into the fuzzy rule sets to

influence the system’s output. With several fuzzy rules, when the FIS system is given a

set of inputs, it can automatically judge if the final rating should be poor, fair, good, or

excellent, and output the result.

3.2.5 Generating Output

Given a set of inputs, based on the fuzzy rules, the FIS model can generate corresponding

output. As our system is a Mamdani-type FIS, a defuzzification of the results is required

to obtain a crisp value as the output.

Defuzzification is the process of generating a quantifiable result in crisp logic, with

given fuzzy sets and corresponding membership degrees. It maps a fuzzy set to a crisp

set. In our implementation, we utilized a centroid calculation to calculate the center of

gravity of the curve describing the output. Therefore, the FIS output becomes a crisp

value representing the overall rating score obtained from our model.
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3.3 Validation of QoE Parameters with Technical

QoS Parameters

To further explore the relationships between QoE parameters and technical QoS param-

eters, we designed and conducted several case studies to validate the QoE parameters

with technical QoS parameters. With the AR functional components, we can find the

technical QoS parameters that affect specific QoE parameters in order to improve them.

Based on the operational mechanism of a semi-transparent AR system, we divided

the system into seven main functional components, and designed a series of experiments

to evaluate the performance of each component: a head localization experiment, to

compare the head posture estimation results from HoloLens with a ground-truth record

from OptiTrack; a 3D content reconstruction system, to reconstruct 3D models from real

humans for the AR system; a city data visualization application, to test the computing

performance of HoloLens; a real environment reconstruction experiment, to evaluate

the differences between the reconstructed model and the real environment; a spatial

mapping experiment, to measure the gap or overlap between an augmenting hologram

and the target mapping surface; a hologram visualization experiment, to calculate the

deviation between a visualized hologram and its corresponding real object; and a speech

recognition experiment, to test the reliability of user control through voice commands.

3.3.1 Head Localization

The head localization experiment was designed to evaluate the accuracy and stability

of HoloLens’ head posture estimation. Since AR systems usually need to reconstruct a

3D model of the surrounding environment before augmenting holograms onto it, they

constantly track the user’s position and posture. This functional component mainly

affects the environment understanding parameters, especially its augmented contents
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fitting. For instance, if the head localization results are not accurate, the augmented

content, which is supposed to be displayed three meters from the user, is displayed

four meters away instead. It may also influence other QoE parameters, such as user

interaction, because there will be errors in matching user commands with AR contents.

To explore the drifting effects of the inertial-measurement unit (IMU) and iterative-

closest-point (ICP) evaluation, participants wearing HoloLens were asked to test various

conditions: moving or rotating the head at high or low speeds in the x, y, and z dimensions

separately. The head localization performance was then evaluated in terms of Euclidean

distances, which represent the distance between two points in a metric Euclidean space,

by comparing the results from HoloLens with the ground-truth from OptiTrack.

In this experiment, the OptiTrack system was employed to record the ground truth for

head localization. OptiTrack is an accurate marker-based motion capture system, with

a distance error of ±0.3 mm and a rotational error of ±0.05 degrees. In this experiment,

six OptiTrack sensors were placed in a circle with a 2 m radius to track the positions of

IR markers mounted on the HoloLens system. The OptiTrack system (Flex V100 camera

with the software Arena v1.7) was set up in the room, as depicted in Figure 3.3(a), and

its tracking markers were attached to the HoloLens unit as shown in Figure 3.3(b).

3.3.2 3D Content Generation

Since 3D content is the basis of an AR application, it can also affect QoE ratings through

parameters, such as the information realistic level and augmented contents fitting pre-

cision. Therefore, we developed a system to scan, reconstruct, select, and generate 3D

human models from reality. The general architecture of the system is shown in Figure

3.4. Our developed scanning device rotates around a subject to obtain 360-degree views,

and generates the reconstructed 3D model. After post-processing, the 3D model can

then be integrated with the HoloLens AR system.
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(a)

(b)

Figure 3.3: Experimental setup for the head localization experiment. (a) OptiTrack

cameras placed in a circle with a 2 m radius. (b) User wearing HoloLens with IR markers.
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Figure 3.4: Generating and integrating reconstructed 3D content with an AR System

The proposed scanning device is shown in Figure 3.5, and contains a composite sensor,

a tripod, a Microsoft Surface tablet, and a robot. We chose the Microsoft Kinect v2

sensor as our depth sensor, which adopts time-of-flight range detection technology to

observe depth images of the subject with detailed distance information. Because Kinect

v2 requires an extra power source, we cut off its power adaptor cable and added an extra

portable battery to help increase mobility.

In order to realize the automatic scanning of a human subject, we mounted our

composite sensor on a tripod and fixed both of them to a robot, programmed to rotate

around the subject with an approximate radius 1 meter. The robot we adopted is the

DFRobot’s HCR Mobile Robot1, a two-wheel drive platform. We used the Arduino Mega

microcontroller to control the robot’s movements. The robot comes with two 12V direct-

current (DC) geared motors, and its reduction ratio is 51:1, with an encoder resolution of

663 pulses per round. Since DC motors may generate inconsistent motion, we utilized a

proportional-integral-derivative (PID) controller to improve the precision. After several

rounds of testing, we set the left-wheel speed as 13 rounds per minute and the right-

wheel speed as 16 rounds per minute. The microcontroller communicates with the motor

driver through serial communications, and receives data from the composite sensor by

an inter-integrated circuit interface.

1HCR Mobile Robot: http://www.dfrobot.com
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Figure 3.5: Developed scanning device with a composite sensor, tripod, Microsoft Surface

tablet, and robot.

For mobility and proper payload, we used a tablet as our computational resource,

instead of a laptop. We decided on the Microsoft Surface tablet to fulfill Kinect v2’s

high demand for graphic processing units and USB connection. This tablet can also

easily be placed on the robot, as shown in Figure 3.5. Since both the Kinect v2 and

the robot microcontroller interact with the tablet through USB serial connections, we

used a USB 3.0 four-port hub from Unitek to extend the tablet’s single USB port into

multiple ones. Thus, the tablet could successfully receive the data streams and process

them [117].

To evaluate the 3D model reconstructed with our system, we compared the scanning

results with the ones obtained from Cyberware, an expensive laser-scanning system. The

comparison results are given in next chapter.
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Figure 3.6: Experimental setup for the evaluation of proposed 3D scanning system.

3.3.3 Computing Performance

Since many QoE parameters, such as content quality, environment understanding, and

user interactions, all require the computing power of an AR system to process, the

computing power is crucial to the user experience of an AR system. Quick and precise

processing can greatly improve the AR experience. As previously mentioned, to test

the computing performance of HoloLens, we designed a Toronto city data visualization

application to track its performance.

A. City Data Pre-Process

We first obtained a city of Toronto 3D model and 220 open city data sets from the City of

Toronto website. The original city model was composed of several 3D massing AutoCAD

files in .dwg format, which is not suitable for HoloLens, so we converted them to .fbx

3D files. The open data sets cover a variety of city areas, including transportation, city
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Table 3.1: Data table description from a red-light camera file

Name Description

Road 1 First road of intersection

Road 2 Second road of intersection

X Easting in MTM NAD27 3 degree Projection

Y Northing in MTM NAD27 3 degree Projection

Longitude Longitude in WGS84 Coordinate System

Latitude Latitude in WGS84 Coordinate System

Object ID Unique system identifier

government, business, health, and so forth. Since they were stored in several file formats,

such as XML, CSV, and XLS, we first converted them all into XML files by extracting

the meaningful information. We then selected the data sets with complete information,

and processed them for visualization and interaction.

The processing steps vary depending on the contents of each data set. The read-me

file of each data set usually contains detailed descriptions, and we need to process this

information to geographically map the related data with the 3D city model. Table 3.1 is

an example that shows the description we extracted from a red-light camera file. Since

this file contains position data with x and y coordinates in a Modified-Traverse-Mercator

(MTM) coordinate system, we can directly and accurately map them with the reference

frame of the city model.

However, some files do not contain straightforward MTM coordinate information, and

require further transformation. Take Table 3.2 as an example, which stores the location

data of washroom facilities in a Geographic Information System (GIS) with latitude and

longitude. The solution we adopted is to apply a transverse Mercator map projection on

the GIS coordinate to transform it into a MTM coordinate with the related parameters
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Table 3.2: Data table description from a washroom facilities file

Column name Value

Washroom building asset ID Number of the id

Park name Name of a park

Building name Name of a building

GIS coordinate (longitude, latitude)

Access Public, private or none

listed in Table 3.3 [141]. Through this process, we successfully obtained the location of

the buildings on the city model’s coordinate system.

Table 3.3: Parameters of transverse Mercator map projection

Name Symbol Value

Equatorial radius a 6378.2064 km

Flattening factor f 1 / 294.9786982

Latitude of origin φ0 0 degree

Central meridian λ0 79.5 degree

Scale factor k0 0.9999

False easting E0 304.8 km

False northing N0 0 km

In addition to location information, many other types of data are also used to visualize

Toronto city data. For instance, when a data file containing the locations of taxicab-

stand is loaded, the maximum number of taxicabs permitted at each data point can be

used in comparison with others to allow them to be visualized differently. Moreover,

the data set of bicycle shops in Toronto can be divided into two groups with different

colors, based on whether or not the bicycle shop provides a rental service. We stored the
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location and other related information as readable XML files, to be used as the source

files for our Toronto city data visualization.

B. Integration with HoloLens

We designed a HoloLens application based on the previously processed Toronto city

model and data sets. Since HoloLens runs a Windows 10 operating system, we utilized

Unity engine, C#, and the library HoloToolKit for our implementation.

Since the source files of the Toronto city model are rather large, we scaled them down

before importing, to optimize the system’s performance. The complete city model is

made of several tiles, so we can also select a few tiles to build a sub-region of Toronto.

In addition, a grey plane is placed underneath the 3D city model to improve visibility.

Figure 3.7 shows the visualization results of the city of Toronto 3D model, and the menu

to load the city data files. Once we select “Load File List”, we can view a list of city

data types for visualization.

All open data sets have been stored in readable XML files with MTM coordinate

and other related information. We designed a menu above the city model for users to

choose the desired data set for visualization. Once a data set is selected, its data can be

easily mapped on the corresponding locations on the 3D city model. We also attached

them together to enable the data positions to change with scale adjustments of the city

model. Then, cuboids with various heights and colors are placed to represent different

data properties. All stations are represented with cuboids, whose heights depend on the

chosen value type, as shown in Figure 3.8. Red means high values, while blue means

ordinary values. We can also select other data sets from the menu to visualize, such as

places of interest, taxicab stations, and bicycle shops.

Interactions between users and augmented content are crucial to the AR experience

[142]. Thus, we integrated several interaction designs into our implementation. Holo-
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Figure 3.7: Visualizing the city of Toronto 3D model (without city data) on a grey plane

using HoloLens

ToolKit, the official library provided by Microsoft, has already defined several interaction

types, such as gaze, gesture, and voice. We utilized them to facilitate the development

of our project.

Gaze input can be used to select an object on HoloLens. It displays a cursor at the

center of the vision scope to determine the direction of a ray to hit the selected object.

The option on a menu selected by gaze input will usually change size or color to provide

feedback. We can also use gaze input to select a specific building on the Toronto city

model.

When it comes to gesture input, the gestures that we have applied to interact with

the city model and the data objects are called air-tap, manipulation, and navigation

gestures. Since gesture input is detected by the camera embedded in the front part of

HoloLens, the user needs to put his/her hand in front of HoloLens to interact. The
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Figure 3.8: Interactions between a user and augmented content

real finger in Figure 3.8 shows a user making gestures to interact. When an option is

selected, the air-tap gesture can be applied to confirm the choice. For example, when

we gaze at a building on the Toronto city model, we can use air-tap to “click” it, and

then the building will change to an orange color and display detailed information with

green sentences, shown in Figure 3.8. Manipulation and navigation gestures can be used

to rotate the city model, change its positions, adjust its size, and so on.

Voice commands are also used in our implementation, and they can replace certain

gesture inputs. For example, the user can say “select” to confirm a selection instead

of using the air-tap gesture. Besides, Figures 3.7-3.9 are all captured with the voice

command “Hey Cortana, take a photo”.

In this part, we use the example of visualizing Toronto voting data to illustrate our

visualization results. As aforementioned, after the user gazes at the “Voting Location

2014” option on the menu, and selects it with an air-tap gesture, all voting data is shown
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Figure 3.9: Visualizing Toronto voting data, option menu, and a specific building through

interacting with HoloLens.

on the 3D Toronto city model with red and blue cuboids of different heights, as shown

in Figure 3.9. Then the user can move his/her head to gaze at certain buildings and

air-tap with finger to obtain more detailed information. As we can see from the figure,

the selected building is changed to an orange color, and shows its detailed information,

including that the voter count is 2413, the address is 65 Church, the latitude is 43.65, and

so forth. The user can also move around the augmented model to view it from different

angles, and select other options in the menu (e.g. tennis courts) to visualize a new data

set.

C. Computing Performance Evaluation with City Data Visualization

HoloLens itself is an independent head-mounted semi-transparent AR system that pro-

cesses all tasks with its own CPU and HPU with 2GB of RAM. We tracked its computing

performance while users were conducting the desired interactions. The six performance
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metrics, defined and tracked with HoloLens’ own Device Portal, are CPU usage, HPU

usage, memory usage, frame rate, SoC (system-on-chip) power usage, and system power

usage.

The interactions we conducted are shown in Figure 3.10. The user first used “blossom”

gesture command to display the HoloLens main menu, then moved their head to aim our

developed Toronto city data visualization application, and used their index finger to

select and open this application. After loading, the pure city model appears, along with

the menu to select the city data type. Finally, the user can choose various city data

types to visualize. The computing performance during this whole process is tracked for

evaluation.

(1) Open main menu (2) Open developed application

(3) Pure city model (4) City model with city data

Figure 3.10: Tracking HoloLens computing performance when conducting designed op-

erations.
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3.3.4 Real Environment Reconstruction

As previously mentioned, AR systems usually reconstruct a 3D model of the surround-

ing environment before interacting with it. Then, during the interaction, the real en-

vironment information and virtual content matching process will depend solely on the

previously reconstructed model, to avoid the high-demand and requirements of real-time

processing of the surrounding environment data. Therefore, if the reconstructed 3D

model of the room or place is not accurate, the AR contents may not be accurately

placed on the desired locations. For instance, if the 3D model of a coffee table is gener-

ated at a wrong place, and a “cup” is augmented on it, the user will see the real coffee

table at its original place, but the “cup” will be floating in the air somewhere else, which

obviously degrades the user’s AR experience.

The real environment reconstruction capability of HoloLens was evaluated through

comparing a real environment with its reconstructed 3D model. Such a reconstructed

model is usually influenced by the complexity of the real environment [117]. Lighting

conditions, surface textures, and the distances between HoloLens and the real objects,

also influence the performances of the sensors. Therefore, in this experiment, the differ-

ences between a real environment and its reconstructed model were separately measured

for different influencing factors: object shapes (flat, convex or concave angles), lighting

conditions (bright or dark).

In this experiment, the reconstruction performance for object shapes was evaluated

using a flat surface (Figure 3.11(a)) and a box with convex and concave angles (Fig-

ure 3.11(b)). The brightness of the environment was controlled using ten brightness-

adjustable incandescent lamps. The distance between the lamps and the object to be

measured was 3.5 m. For the bright lighting condition, the output power of the lamps

was set to 25 W, whereas their power was reduced to 5 W for the dark lighting condition.

When the participants recorded markers through a glass pane (Figure 3.11(c)), the mark-
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(a) (b) (c)

Figure 3.11: The marked objects used for testing the accuracy deviation σR
A of the recon-

structed models obtained from HoloLens. (a) Flat surface with markers. (b) Box placed

at a convex angle. (c) Glass surface separating the participant wearing the HoloLens

system from objects under bright lighting condition.

ers were placed under the bright lighting condition. In the measurement implementation,

the gaze point is visualized as a red circle, and its corresponding position information is

also displayed nearby.

3.3.5 Spatial Mapping

The spatial mapping function mainly deals with the QoE parameters augmented contents

fitting. The spatial mapping experiment, which investigated the anchoring of holograms

to the real environment, was performed to test the virtual environment processing com-

ponent. For instance, if the user opens a web browser, it will automatically be attached

to a detected wall. Through detecting the accuracy of this attachment, we can evaluate

the spatial mapping process.

In our experiment, we measured the gap or overlap between a hologram and the target

surface to which it was attached, and the spatial mapping performance was evaluated

using a measure denoted by σS
A (calculated in a manner similar to Equation 4.6). For this

experiment, we created an application that allows a holographic box (0.3 m×0.3 m×0.1
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m) to be attached to a target surface through a spatial mapping function, to check the

accuracy.

3.3.6 Hologram Visualization

Since the content quality parameter is important in an AR QoE evaluation, we tested

the visualization performance of the generated holograms.

The hologram visualization experiment was performed to evaluate the visual percep-

tion effect for HoloLens users. Since the holographic models built in HoloLens applica-

tions are created using metric values, users can visualize holograms of the same scale as

real objects through the optical lenses. In this experiment, the hologram visualization

performance was evaluated by calculating the accuracy deviation σV
A (in a manner similar

to Equation 4.6) representing the visual deviation between a visualized hologram and a

corresponding real object in recorded photographs.

To evaluate the hologram visualization performance, we created a 0.25 m×0.2 m×0.1

m holographic box in a self-developed HoloLens application and built a real box of the

same size. Then we tested to see if users could overlap them.

3.3.7 Speech Recognition

Though gesture control is convenient for user interactions under certain conditions, it

may be too complex to be performed in other conditions. For example, saying “select”

to select a very small target is sometimes easier than trying to tap it. Therefore, voice

commands are occasionally utilized to facilitate user interactions with AR systems. Since

users with different backgrounds have various accents, and the surrounding noises also

influence the detection accuracy, we designed experiments to test the speech recognition

capabilities.

The speech recognition experiment was conducted to evaluate the reliability of con-
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trolling HoloLens using voice commands. Considering the fact that the original system-

defined voice commands may have been optimized, we also derived non-system defined

voice commands. Therefore, we tested both system-defined and user-defined commands

to obtain an overall evaluation. The user-defined commands (typed into the measurement

application) were selected from Wobbrock’s paper (“move”, “rotate”, “delete”, “zoom

in/out”, “open”, “duplicate”, “previous” and “help”) [143], and several system-defined

commands are also chosen (“select”, “place”, “face me”, “bigger/smaller”, “adjust”,

“remove”, “Hey Cortana, shut down” and “Hey Cortana, take a picture”).



Chapter 4

Experiments and Results

In the previous chapter, we introduced our proposed framework and the designed exper-

iments to evaluate semi-transparent AR systems. This chapter provides more details of

the experiment, and illustrates the experimental results.

4.1 FIS Model Build

Based on our proposed QoE taxonomy for semi-transparent AR system evaluation, we

designed a user questionnaire, conducted a user evaluation study, and then used the

collected user data to build the FIS model. Users were selected with various ages, edu-

cation levels, and races. During the user study, users were first trained to get familiar

with a semi-transparent AR system, then played selected AR applications with it, and

finally filled out the questionnaire. Our user study procedures are similar to Steinmetz’s

and Silva’s user study [144, 145] Details of application selection, questionnaire design,

experimental setup, results, and analysis are as follows.

63
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(a) A user is playing “RoboRaid”

(b) A user is playing “Young Conker”

Figure 4.1: The scenarios of users playing with AR applications “RoboRaid” and “Young

Conker”.
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4.1.1 AR Application Selection

The AR applications we used for testing are a first-person shooting game “RoboRaid”1

(Figure 4.1) and an adventure game “Young Conker”2. We chose these two applications

because they both cover all 1st-, 2nd-, and 3rd-level parameters (except for haptic feed-

back, odor and taste) of the framework. The selected AR smart glass applications differ

from those of mobile AR games (e.g., Pokemon Go) in several ways, such as 3D holo-

graphic displays, enabling more natural gesture control and augmenting content based

on the detailed surrounding environment instead of directly superimposing content on

the screen. To better experience the special attributes of the glass-like AR system during

the test, participants were required to perform the following actions (we use “RR” to

denote “RoboRaid” and “YC” to denote “Young Conker”):

• Content quality: for “RR”, watch the augmented enemies and their fire and listen to

the noise direction to decide which part of the real-world wall would be “breached”

by battleships; for “YC”, browse coins, chase or avoid enemies, follow commands

of NPCs, etc.

• Hardware quality: for both “RR” and “YC”, users need to walk and run around

the room wearing HoloLens to adjust the distance from enemies.

• Environment understanding: “RR” needs users to find enemies “climbing” on the

wall or “flying” in the air and to “destroy” the real-world wall to reveal the hidden

aliens; “YC” requires participants to control the avatar to jump on a real-world

desk or virtual coins with a springboard on the actual ground.

• User interaction: “RR” uses an air-tap to shoot, moving body to dodge attacks,

and saying “X-Ray” to activate the special see-through weapon; “YC” defines the

1https://www.microsoft.com/en-us/hololens/apps/roboraid
2https://www.microsoft.com/en-ca/hololens/apps/young-conker
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gazing direction as the avatar’s direction of movement, saying “let’s go” to start,

etc.

4.1.2 Questionnaire Design

A questionnaire was designed for the user study based on our proposed framework, as

show in Figure 4.2 and 4.3, and also publicly posted on GitHub3. The questions for

each application are identical, but the examples differ to help participants understand

questions specifically selected based on the game. The questionnaire first collects several

aspects of basic user information, including name, gender, age range and previous AR and

non-contact gesture control experience. For each related QoE parameter, we designed

a Likert-scale question with the answer provided on a five-point Likert scale, namely,

with values from “1” to “5” representing different responses (e.g., from “not at all” to

“completely”). Questions regarding low-level parameters are asked first before a general

rating for the corresponding high-level parameters is required. For instance, Question 1

(Q1) asks the participant to rate the realism level of the visual information on a scale

from 1 to 5, namely, from “not at all” to “completely realistic”; Q2 concerns the realism

level of the audio, while Q3 asks for the required focus or attention level. After these

three questions, a general question (G1) is presented to rate the high-level parameter

content quality based on Q1-Q3. As a result, the participant has a better understanding

of high-level parameters. Finally, a rating score (0-100) for the overall quality of this AR

experience is also required.

Though The questionnaire contains redundant information, and not all data are re-

quired to further build the FIS model, we use these additional data to validate the

taxonomy through exploring the correlations between high-level parameters and their

corresponding low-level parameters.

3https://github.com/HoloLensQoE/HoloLens QoE User Study
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Questionnaire for AR QoE Evaluation (Page 1) 
Tester ID: ___                         Name: _________________                    Gender:  M  F 

Email: ______________________________                        Application Name: RoboRaid  

Your age range:    10-19       20-29  30-39         40-49       50+ 

(1) Did you ever experience Pokemon Go or other AR applications?   Y N  

(2) If yes, how many times?   1-5   5-10  10+ 

(3) Did you ever experience non-contact gesture control applications, e.g. Xbox Kinect? 

Y  N   

(4) If yes, how many times?   1-5   5-10  10+ 

 

1. To what extent did the device provide realistic visual information?  

Not realistic      Completely realistic 

1 2 3 4 5  

2. To what extent did the device provide realistic audio information? 

Not realistic      Completely realistic 

1 2 3 4 5  

3. To what extent did the application require your focus/attention level? 

Not at all      Completely focus 

1 2 3 4 5  

G1: Based on your ratings for Q1-3, please give a general rating for the content quality? 

Very bad      Very good 

1 2 3 4 5  

4. To what extent could you move freely wearing the device?  

Not at all      Completely free 

1 2 3 4 5  

5. To what extent do you feel comfortable wearing the device?  

Not comfortable     Very comfortable 

1 2 3 4 5  

G2: Based on your ratings for Q4-5, please give a general rating for the hardware quality? 

Very bad      Very good 

1 2 3 4 5 

6. To what extent did the meaning of the augmented contents fit the real environment? 

Not at all      Completely fit 

1 2 3 4 5  

7. To what extent did the position of the augmented elements fit the real environment? 

Not at all      Completely fit 

1 2 3 4 5 

8. To what extent could the application contents precisely change with environmental 

changes?   

Not at all      Completely precisely 

1 2 3 4 5 

Figure 4.2: Questionnaire for the AR QoE Evaluation Page 1.
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Questionnaire for AR QoE Evaluation (Page 2) 
9. To what extent could the application contents quickly change with environmental 

changes?   

Not at all      Very quickly 

1 2 3 4 5 

G3: Based on your ratings for Q7-10, please give a general rating for the environmental 

understanding? 

Very bad      Very good 

1 2 3 4 5 

10. To what extent do you think the gesture interaction design (e.g. air-tap gesture is 

shooting) is natural? 

Not at all      Very natural 

1 2 3 4 5 

11. To what extent do you think the voice interaction design (e.g. say “X-Ray” for see-

through superpower) is natural? 

Not at all      Very natural 

1 2 3 4 5 

12. To what extent do you think the body movement interaction design (e.g. move to 

avoid enemy attack) is natural? 

Not at all      Very natural 

1 2 3 4 5 

13. To what extent do you think the system respond precisely to your interaction 

instructions? 

Not at all      Completely precise 

1 2 3 4 5 

14. To what extent do you think the system respond quickly to your interaction 

instructions? 

Not at all      Very quickly 

1 2 3 4 5 

G4: Based on your ratings for Q11-15, please give a general rating for the user interaction? 

Very bad      Very good 

1 2 3 4 5 

 

Please give a grade, over 100, for the overall quality of this AR experience:    ___/100 

Any other comments about this user study? 

Signature: ___________________________________________ 

Thank you for participating in this study! 

Figure 4.3: Questionnaire for the AR QoE Evaluation Page 2.
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4.1.3 Using High-Level Parameters to Represent Low-level Pa-

rameters

Since there are many low-level parameters in the proposed AR QoE taxonomy, if we take

the user ratings for all these parameters as inputs for the evaluation model, there will be

too many combinations and the model will not be manageable. Therefore, we used just

the high-level ratings as the inputs for our model.

In our user study, users were asked to rate both high-level and lower-level parameters.

We further used bar tables to demonstrate the comparisons of high-level ratings and

low-level average ratings with error bars, as seen in Figure 4.4, where (a) is the result of

“RoboRaid” testing and (b) is the result of “Young Conker” testing. From this figure,

we can see that users’ direct input ratings for the high-level parameters are similar to

the averages of users’ low-level parameter ratings, which validates our method of using

high-level parameters as the inputs.

In addition, this also means that in the situations where the ratings of high-level

parameter are not available, we can use low-level parameters to estimate them. Since

low-level QoE parameters connect more closely with QoS parameters, this can also be

used to further explore the relationship between the QoE model and the QoS model.

4.1.4 FIS Model Results

With the user data obtained from our experiments and questionnaire, we built a FIS

model with them. The general architecture of our implemented FIS model is shown in

Figure 4.5, which contains MFs defining results for four inputs (content quality, hardware

quality, environment understanding, and user interaction) and one output (overall rating

score), as well as the derived 43 fuzzy rules.
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(a) RoboRaid (RR) high-level ratings and low-level average ratings

(b) Young Conker (YC) high-level ratings and low-level average ratings

Figure 4.4: Comparison of high-level ratings and low-level average ratings with error

bars (a) RoboRaid (RR) (b) Young Conker (YC).
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Figure 4.5: General architecture of the implemented Mamdani FIS model.

A. MFs for Input and Output

As previously introduced, each input variable is equally divided into five MFs with tri-

angular shapes, to correspond with their five answer options (Figure 4.5 inputs). Since

output variables are more dispersive, we start by applying the FCM clustering method,

and then define its MFs.

FCM divides the overall rating scores into different clusters based on each value’s

degree of belonging to various groups. As we can see from Figure 4.6, all values are

represented with the shape and color of its defined cluster (purple ‘∗’, green ‘o’, blue ‘+’,

and red ‘×’), and the centers of all clusters are displayed with larger-size black symbols,

with rating values of 90.80, 84.41, 79.58, and 66.58. These values are then used as the

peak points for the MFs of the FIS outputs accordingly (Figure 4.5 output). With this

information, given a value, we can decide which MFs it belongs to.
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B. Fuzzy Rules Derived

A fuzzy rule can be derived from each user data. For instance, if the rating for content

quality is 75, hardware quality 50, environment understanding 100, user interaction 75,

and the overall rating is 84, then we can derive this fuzzy rule as: IF content quality

is Good, AND hardware quality is Fair, AND environment understanding is Excellent,

AND user interaction is Good, THEN the overall rating is Good.

Since 75% of the user data (45 subjects) from the “RoboRaid” testing is used to

derive the fuzzy rules, and the data from each questionnaire can be used to build one

rule, a few rules may be repeated or conflicting. For a rule occurring more than once,

we multiply the base weight value by this rule’s appearance frequency to obtain its new

weight value; for conflicting rules, we add them as separate fuzzy rules to balance the

result. Based on this strategy, we built 43 fuzzy rules for our FIS model (Figure 4.5

rules).

C. View of the FIS Model

The FIS model can be represented with the overall rating score mapping from high-level

parameters. Figure 4.7 is an example that shows two parameters (content quality and

environment understanding) map with the overall rating score, when setting the other

high-level parameters as average values (50).

4.1.5 Statistical Analysis

After building the FIS model, we considered the data of the remaining fifteen “RoboRaid”

users and fifteen “Young Conker” users as the testing data. Each subject’s data outputs

have a ground truth overall user rating QoEu from the user and an FIS-estimated-rating

QoEf from our model. Figure 4.8 shows the QoEu and QoEf pairs for “RoboRaid” and

“Young Conker”, respectively. From this figure, we can see that each pair of QoEu and
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QoEf has similar patterns.

Besides demonstrating the QoE figure, we also analyzed and listed key values of

the testing results in Table 4.1. We first explored the descriptive statistics of both

the “RoboRaid” and “Young Conker” applications, including the mean, 95% confidence

interval, standard error, median, and standard deviation, of each series of data, to give

a general overview. Subsequently, we compared each application’s root-mean-square

errors (RMSEs) of QoEu and QoEf , and finally we performed a paired-samples T-test

to statistically analyze them.

A. Descriptive Statistics

Descriptive statistics for each individual overall user rating QoEu and FIS-estimated

rating QoEf are shown in Table 4.1 for initial analysis. We observed that each pair

of QoEu and QoEf for a given application are similar. For instance, the “RR” value

of QoEu has an average of 85.133 with a 95% confidence interval of 82.776 to 87.491,

a standard error of the mean (SEM) of 1.099, a median of 85.000, and a standard

deviation of 4.257; the corresponding “RR” value of QoEf has a mean of 85.853 with a

95% confidence interval of 83.450 to 88.257, an SEM of 1.121, a median of 85.000, and

a standard deviation of 4.340.

B. Root-Mean-Square Error

To further evaluate the differences between these two outputs, we computed the root-

mean-square error (RMSE), which measures the difference between values. In our case,

it is applied to calculate the square root of the mean square errors between QoEu and

QoEf

RMSE =

√∑n
i=1 (QoEu −QoEf )2

n
(4.1)
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Figure 4.8: Overall QoE rating scores by users (QoEu) and our FIS model (QoEf ) for

“RoboRaid” (RR) and “Young Conker” (YC), respectively.



Experiments and Results 77

T
ab

le
4.

1:
T

es
ti

n
g

R
es

u
lt

s
of

th
e

O
ve

ra
ll

U
se

r
R

at
in

g
(Q
oE

u
)

an
d

th
e

F
IS

-E
st

im
at

ed
R

at
in

g
(Q
oE

f
)

w
it

h
A

p
p
li
ca

ti
on

s

T
es

ti
n
g

Q
oE

M
ea

n
95

%
C

on
fi
d
en

ce
In

te
rv

al
S
td

.
M

ed
ia

n
S
td

.
R

M
S
E

P
ai

re
d

T
-T

es
t

A
p
p
li
ca

ti
on

L
ow

er
B

ou
n
d

U
p
p

er
B

ou
n
d

E
rr

or
D

ev
ia

ti
on

(%
)

P
-V

al
u
e

R
ob

oR
ai

d
Q
oE

u
85

.1
33

82
.7

76
87

.4
91

1.
09

9
85

.0
00

4.
25

7
3.

89
5

0.
49

3
Q
oE

f
85

.8
53

83
.4

50
88

.2
57

1.
12

1
85

.0
00

4.
34

0

Y
ou

n
g

Q
oE

u
86

.8
67

82
.2

82
91

.4
52

2.
13

8
90

.0
00

8.
28

0
5.

79
1

0.
72

8
C

on
ke

r
Q
oE

f
87

.4
13

84
.4

27
90

.3
99

1.
39

2
91

.9
00

5.
39

2



Experiments and Results 78

After using this formula to analyze our results, we found that the RMSE for “RR” is

3.895, indicating that, on average, our FIS-estimated rating deviates from the ground-

truth value of the user rating by 3.895 points on a scale of 100. Similarly, we obtained a

RMSE of 5.791 on a scale of 100 for “YC” .

C. Paired-Samples T-Test

To statistically observe and determine if QoEf is significantly different from QoEu, we

conducted paired-samples t-test for analysis.

The hypotheses can be expressed as

H0 : µ1 = µ2 (4.2)

H1 : µ1 6= µ2 (4.3)

where H0 represents the null hypothesis that the paired population means are equal,

and H1 means they are not equal. Then we calculate t and P values to check which

hypothesis is correct. Following are the steps to process the data. Since t value can be

obtained from the following equation

t =
X1 −X2

SED

(4.4)

where X1 and X1 are the means of two samples separately, and SED is the standard

error of the difference between these two samples, defined by

SED =
√

(SEM1)2 + (SEM2)2 − 2r(SEM1)(SEM2) (4.5)

where SEM1 and SEM2 are the two groups’ standard error of the means separately, and

r is the correlation coefficient of them. For “RoboRaid” user study, r is 0.575. We can

obtain SED is 1.023, and take it into Equation 4.4 to calculate t value, which is 0.704.

With the calculated t value and the degree of freedom (df=14, obtained from the

number of testing values minus 1), we used the t distribution table to obtain the two-

tailed p-values for “RR” and “YC” of 0.493 and 0.728, respectively, with both being
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larger than the significance level α (0.05). Therefore, the null hypothesis H0 holds, and

there are no statistically significant differences between each pair of QoEu and QoEf , i.e.,

our FIS-estimated ratings are not significantly different from the ground truth overall

user ratings, namely, our FIS model generates similar output results as the ones obtained

from user ratings.

4.2 Correlation Between QoE and QoS Parameters

The general information regarding the experiments for the functional components eval-

uations of AR systems are as follows, and more details of each experiment are given

later.

• All experiments were conducted in a closed 8 m×5 m room under ambient lighting

conditions, controlled by means of lights with adjustable intensities and angles. The

room also prevented echoes during the experiments because of its sound-absorbing

walls.

• The HoloLens applications used in our experiments were all developed with Unity

and Visual Studio 2015 using the C# programming language for compatibility with

HoloLens’ Windows 10 OS.

• A total of twenty students and researchers from the University of Ottawa partici-

pated in our experiments. Their average age was 25.89, with a standard deviation

of 6.11. They were either native or fluent English speakers. Each participant was

given ten minutes to become familiar with HoloLens and then spent approximately

twenty-five minutes performing all the experiments.
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4.2.1 Head Localization Evaluation

We conducted several steps to evaluate the head tracking function. First, the OptiTrack

system was calibrated to accurately record the ground truth for head localization. Sec-

ond, the HoloLens and OptiTrack systems were both activated to record tracking data.

Third, the participant, wearing the HoloLens unit with markers, was asked to perform

several actions in the center of the circle of cameras in a random order, including squat-

ting quickly (fast movement), tilting the body slightly (slow movement), looking at the

corner of the room quickly (fast rotation) and swinging the head gently (slow rotation).

A laboratory technician was trained to demonstrate these actions during the experiment,

and the participant was asked to simultaneously imitate the demonstrated action and

speed.

An example of tracking records from HoloLens and OptiTrack is shown in Figure

4.9(a), where the solid red lines represent the head localization records from HoloLens

and the dotted green lines represent the records from OptiTrack. The distance deviations

σD between the two records are shown in Figure 4.9(b). The upper subfigure shows the

distance deviations σD caused by head movement, and the lower subfigure shows the

distance deviations σD caused by head rotation. Since the distance deviations σD under

each condition were all measured in a 3D coordinate system, groups of three lines (lines

1-3, 4-6, 7-9, and 10-12 in Figure 4.9(b)) are used to present the results in the x, y, and

z dimensions for moving slowly, moving quickly, rotating slowly and rotating quickly,

respectively. The average distance deviation values are 0.53, 1.63, 0.60, and 3.62 cm,

with standard deviations of 0.03, 0.63, 0.02, and 0.47 cm, respectively. The record values

from HoloLens and OptiTrack do not have significant differences (F1,20 = 1.96, P = 0.52).

At high speed, it is difficult for HoloLens to correct the head localization results. This

can be seen from the fact that the average distance deviation σD in the fast mode (both

movement and rotation) is 2.63 cm, whereas it is 0.56 cm in the slow mode. The highest
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Figure 4.9: Results of the head localization experiment. (a) Example of tracking records

from HoloLens and OptiTrack. (b) Distance deviations between the two records.
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distance deviation σD is 13.38 cm, caused by the head rotating quickly along the x axis.

4.2.2 3D Reconstruction Accuracy Comparison Results

Subject 1:      (a)                 (b)        (c)                           (d)              (e) 

(a) Real Image   (b) Result From   (c) Result From  (d) Hausdorff Distance (e) Hausdorff Distance 
Proposed System  Cyberware    Side Visualization 

Subject 2:      (a)                 (b)        (c)                           (d)               (e) 

Subject 3:      (a)                 (b)        (c)                           (d)               (e) 

Subject 4:      (a)                 (b)        (c)                           (d)               (e) 

0.000 HDu 

0.028 HDu 

0.014 HDu 

   Back Visualization 

Figure 4.10: Male and female subjects’ real images, scanned results from our proposed

system and from Cyberware separately, and the Hausdorff distance visualization results.

To evaluate the accuracy of our proposed 3D scanning system, we compared our

scanned models with the ones from commercial Cyberware laser scanning system on

real-human subjects. We scanned real human subjects with both the proposed system

and Cyberware, and then calculated the Hausdorff distance between the two acquired

models.
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We computed the geometric differences between the 3D model data acquired by dif-

ferent scanners. Our numerical evaluation is based on computing the approximate error

between two triangular meshes representing the same surface or object (M1 ↔ M2),

as introduced by Cignoni et. al. [146]. The approximation error is defined with the

two-sided Hausdorff distance dH [147], which is the maximum value from M1 →M2 and

M2 →M1 in the Euclidean space, as follows:

dH (M1,M2)

= max

{
sup

m1∈M1

(
inf

m2∈M2

d (m1,m2)

)
, sup
m2∈M2

(
inf

m1∈M1

d (m1,m2)

)}
where sup represents the supremum, inf is the infimum, m = (x, y, z) is the 3D vertex

points of the corresponding triangular mesh and d is the Euclidean distance between two

points in Euclidean space E3. To provide comparative results between the ground-truth

model (Mgt) and the laser scanned model (Mf ), as well as the Kinect v2 scanned mode

(Mk), we took the full set of vertex points (68k) from the ground truth model and

searched for the closest point on the scanned models to compute the error metrics based

on the Hausdorff distance dH . The unit used to represent the Hausdorff distance in

MeshLab is Hausdorff Distance unit (HDu), represented as a color bar in Figure 4.10.

Detailed comparison results are shown in Figure 4.10, where we demonstrate the real

images, the results from the proposed system, the results from Cyberware, and the Haus-

dorff distance visualization results of two male subjects and two female subjects. As we

can see from Figure 4.10, Cyberware can reconstruct certain regions with more details

than the proposed system, for example, human eyes, eyebrows, ears, nose, and mouth,

mainly because of its closer capture distance, higher resolution, and more stable fixed

rotation configuration. However, the Cyberware laser scanner does not work well with

optically uncooperative materials, such as human hair. Thus, the back-view comparisons

(Figure 4.10(e)) show a larger Hausdorff distance (green and blue areas in the visualiza-

tion images) than other views, especially for women with long hair or ponytails. As a
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result, our proposed system has superior hairstyle reconstruction capabilities compared

with the Cyberware system. Based on the fact that most facial comparisons are in red

(small Hausdorff distance range), and that our system has better hair-style reconstruc-

tion capabilities, a lower cost, and better mobility, the overall performance of our system

can be considered to be comparable to that of Cyberware, an expensive commercial laser

scanning system.

4.2.3 Computing Performance Evaluation Results

System 
Power

SoC 
Power

CPU

HPU 
Engine 0

Memory

time

time

time

0

0

0

t1 t3

time0

time0 t2

Usage
100%
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Figure 4.11: HoloLens computing performance tracking results

The computing performance tracking results of HoloLens, obtained while conducting

designed interactions are shown in Figure 4.11. Before we started running our application

(before t1), the CPU usage was around 8%-20%, HPU engine #0 usage was around 5%,
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memory usage was about 40%, namely, 800MB out of 2GB. Since time t1, we started

using gaze and gesture commands to open our application. Then, both CPU and HPU are

heavily used, and memory usage starts to rise. After we completely open our application

at t3, the CPU usage drops, though about 10% is still used by our application; HPU

usage varies based on the visualized data size in user’s view, and occasionally has slight

glitches due to heavy usage; the memory usage stays at 80% (1.6GB), which means that

approximately 800MB is occupied by our application.

Table 4.2: HoloLens performance evaluation with different data sets

Data City Data Memory HPU CPU Frame SoC System

Model Set Rate Power Power

Size Size

Name (MB) (KB) (MB) (%) (%) (fps) (%) (%)

No city model 0 0 880 6 8-30 58-60 37-40 50-53

Pure city model 75 0 1699 91-100 10-35 3.8-3.9 89-94 72-77

Places of interest 75 65 1708 93-100 10-35 3.8-4.1 90-97 72-82

Youth services 75 326 1715 93-100 10-35 3.8-4.2 90-97 75-81

Heritage inventory 75 1285 1747 93-100 10-35 3.8-4.2 90-97 75-82

Since HoloLens’ performances are also influenced by data size, we conducted analyses

with various data sets. The values are recorded when all of the augmented city contents

are within HoloLens’ field of view. Table 4.2 lists five situations: no city model (before

opening our application), pure city model (75MB without city data sets), with city data
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set “Places of interest” (65KB), “Youth services” (326KB), and “Heritage inventory”

(1285KB), separately. The Toronto 3D city model is composed of fbx files, and data sets

are in xml file format, as previously mentioned. From this table, we can see that memory

usage rises when the city data size increases, namely, visualizing larger data sets requires

more memory space. When viewing the whole augmented city model, HPU usage is more

than 90%. Compared with visualizing a pure city model, it goes up a little when showing

extra data set information on the model. SoC and system power consumptions mainly

change with HPU usage in this condition. CPU usage rarely changes with different data

sizes, and is actually just occupied around 3% by our application. The rendering per-

formance, measured by frames per second (fps), also changes under different conditions.

When there is no city model, whether the main menu is displayed or not, the frame rate

is around 60fps; after loading a pure city model, it changes to 3.8-3.9fps, though it rises

up to 25fps when looking at the city data type menu; with additional city data-sets,

there are only slight differences (places of interest set is 3.8-4.1fps, while the other two

sets are 3.8-4.2fps). The frame rate is not high, because once we select a city data to

visualize, the HPU usage is high, and the augmented contents do not change a lot.

4.2.4 Real Environment Reconstruction

During the real environment reconstruction evaluation experiment, first, the participants

were asked to walk around the room to reconstruct a 3D model of the room under bright

lighting conditions. Second, the experimental data acquired by HoloLens were recorded.

Third, the participants were asked to place the red circle of the gaze-tracking application

on the locations indicated, to obtain the dimensions of the objects’ reconstructed models

under bright and dark lighting conditions, or through a glass pane placed at a certain

distance. For example, the participants were asked to place the red circle on the nine

markers on the flat surface to obtain the distance between the reconstructed markers.
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Similarly, the participants were asked to place the red circle on the two vertices of the box,

corresponding to each side of the box lying at the convex or concave angle, to calculate

the length of the box. To avoid interference between different influencing factors, the

sequence of the experiment varied for each participant.
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Figure 4.12: The reconstruction accuracy σR
A for real environment reconstruction.

The reconstruction accuracy σR
A was evaluated based on the difference between the

real environment and its reconstructed model:

σR
A =

∑
i⊂N

(
|L− li|
L ·N

)
(4.6)

where N represents the number of measurements, L is the length of one edge of the

real object, and li is the corresponding edge length measured in the i-th measurement

by HoloLens. R is used to denote that this reconstruction accuracy refers to the real

environment reconstruction performance. The values of σR
A are greater than or equal

to 0, where 0 means that the real object and its corresponding holographic model are
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identical and higher σR
A values indicate an increasing difference between the object and

the model.

The reconstruction accuracy σR
A for the tested objects are shown in Figure 4.12,

where the error bars represent the standard deviation for each condition, the blue and

red bars represent the object size deviations captured under the bright and dark lighting

conditions, respectively, and the green bar represents the reconstruction accuracy σR
A

for an object behind glass. The average σR
A is 5.89%, and its standard deviation is

6.18%. The lowest σR
A value is 0.53%, which is obtained when the object’s surface is flat

and it is under bright light, whereas the highest σR
A value is 20.15%, which is obtained

when the object is a box at a convex angle. This indicates that better environmental

reconstruction results can usually be obtained with flat surfaces under bright lighting

conditions compared with the reconstruction of uneven surfaces (convex or concave) in

dark environments.

4.2.5 Spatial Mapping

For our spatial mapping evaluation experiment, the participants were first asked to look

around to scan the target surface. Then they were asked to record the positions of the

markers on the target surface and attach the holographic box to those positions from

different distances (0.5 m to 3.5 m, with a step size of 0.5 m). Once the holographic box

had been mapped onto the surface, as the third step, the positions of the holographic

box were recorded from three views to calculate the gap or overlap between it and the

target surface. The experimental results are shown in Figure 4.13(a)-(d), presenting the

front, side and back views, respectively, of the box attachment results achieved through

spatial mapping. The red circle is the cursor on which the user could focus, and the

green text shows the position information of the cursor.

The accuracy deviations σS
A of the spatial mapping results are shown in Table 4.3.
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(a) (b)

(c) (d)

Figure 4.13: Procedure for and results of the spatial mapping experiment. (a) The

spatial mapping process. (b) Front view of the box attachment results. (c) Side view of

the results. (d) Back view of the results.
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The average σS
A value is 73.8%, with a standard deviation of only 2.70%. Since the

distance is calculated between the hologram and the target surface, the results depend

only on the spatial mapping algorithm and are not influenced by possible reconstruction

problems. Although the deviations for different distances are only slightly different, the

best spatial mapping results are achieved at 1.5 m and 2.5 m, which may be beneficial

for high-accuracy tasks such as mapping mechanical components.

Table 4.3: Accuracy deviations for spatial mapping, σS
A

Distance (m) 0.5 1 1.5 2 2.5 3 3.5

Accuracy Deviation σS
A (%) 76 72 71 77 70 74 77

4.2.6 Hologram Visualization

In our hologram visualization experiment, the participants were first asked to move the

visualized hologram to overlap with the real box, as exactly as possible, and then to take

three photographs of the overlapped boxes from the front, side and top views. These

three photographs were used to evaluate the visual deviations of the visualized hologram.

(a) (b) (c)

Figure 4.14: Three views of the overlapping effect between a real object and a corre-

sponding hologram. (a) Front view. (b) Side view. (c) Top view.

An example of the results acquired from all three views is shown in Figure 4.14,

where the gray box is the visualized hologram and the white box is the real box used
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for testing. It is shown that the visualized hologram exhibits good overlap with the real

box. The hologram has a slight shift in the top view, which is due to the head posture

approximation error of HoloLens when the user moves his/her head quickly. The accuracy

deviations of the length, width and height collected throughout the entire experiment

are shown in Figure 4.15, where the error bars represent the standard deviation for each

condition. The average σV
A value is 6.64%, with a standard deviation of 3.29%, which

proves that holograms can be visualized precisely using HoloLens. The average difference

in terms of the Euler distance is 1.25 cm, with a standard deviation of 0.25 cm. To human

eye, the hologram is essentially the same size as the real object.
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Figure 4.15: The accuracy deviations σV
A for hologram visualization. The size of the

visualized box was 0.25 m×0.2 m×0.1 m.
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4.2.7 Speech Recognition

In speech recognition experiment, the participants were first asked to practice speaking

the eight user-defined commands and the eight system-defined commands. Each com-

mand was required to be identified by HoloLens at least five times. The participants

were then asked to speak each command ten times in a random order. The number

of recognized commands was counted to evaluate the speech recognition capability of

HoloLens.
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Figure 4.16: The agreement rates Ar for speech recognition, where the blue and yellow

bars represent the agreement rates Ar for the user-defined commands and system-defined

commands, respectively.

All participants had been living in an English-speaking environment for more than
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2 years and could speak English fluently. The native languages of the participants were

English (6), Chinese (7), Arabic (3), French (2) and Hindi (1).

To analyze the speech recognition capability of HoloLens, we computed the agreement

rates Ar for the selected commands. The agreement rate Ar represents the level of

consensus among the participants for a specific referent r and is defined as

Ar =
∑
Pi⊂Pr

(
|Pi|
|Pr|

)2

(4.7)

where Pr is the set of operation commands for referent r and Pi is a subset of Pr. The

value of Ar ranges from |Pr|−1 to 1, where |Pr|−1 indicates no agreement and 1 indicates

perfect agreement.

The agreement rates for the selected referents are shown in Figure 4.16, where the

blue and yellow bars represent the agreement rates Ar for the user-defined commands and

system-defined commands, respectively, and the error bars represent the standard devia-

tion for each condition. The average agreement rates Ar for the user-defined commands

and the system-defined commands are 74.47% and 66.87%, respectively, with standard

deviations of 16.21% and 22.77%, respectively. A system malfunction occurred during

the testing process: the system-defined command “Hey Cortana, shut down” could be

correctly recognized but could not call the relevant event. In addition, during the testing

process, it was difficult for HoloLens to recognize phrases when a participant spoke two

words separated by only a very short pause or no pause at all.



Chapter 5

Discussion

5.1 QoE Evaluation Discussion

During our user study, participants reported several advantages and disadvantages of the

semi-transparent AR system HoloLens, which influenced their experience. To validate

that our designed questionnaire could accurately reflect a user’s experience, we compared

user feedback with the questionnaire results to discuss their correlations.

First, most participants enjoyed the movement freedom offered by HoloLens, due to

its capability to process all data itself without the requirement to connect with external

computing machines through cables (average score 3.92 out of 5). However, as a com-

pletely integrated head-mounted-display (HMD) device, the weight of all the components

is around 579g, and it is entirely carried by the user’s head. Therefore, its heavy weight

degrades a user’s comfortable level while wearing the device, and causes fatigue after a

while. Because of the weight, after a test of approximately 15 minutes, there was always

marks on the forehead of users. Thus, the average score for device comfort level is just

3.21. As a result, the corresponding high-level parameter, namely, hardware quality,

earned a score of 3.63.
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Figure 5.1: Limited visual display region of HoloLens.
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Second, though HoloLens can vividly display augmented 3D contents upon the real

surrounding environment with its advanced holographic projecting technology, several

participants complained about its limited visual regions, which affect the visual quality

score (average 3.83). This is because the holographic projectors are embedded in fixed

locations, and can only project contents on certain areas, as shown in Figure 5.1. There-

fore, before starting the test, users usually needed to carefully adjust the position of

HoloLens to make sure their eyes were able to see most of the projected contents. Dur-

ing the test, because of the heavy weight of HoloLens, it occasionally slides down during

strenuous movements, and made users’ viewing angle change, which at times caused users

to hold it with one hand while playing. This is another factor that affected the user’s

AR experience.

Figure 5.2: Gesture detection region (cone shaped area).

Third, since gesture commands are detected and recognized with a small-size depth

camera, embedded inside the front of HoloLens, it can only recognize a few gestures

within a small region, as the cone-shape shown in Figure 5.2. Therefore, the air-tap
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gesture, instead of more natural gestures (e.g. finger gun gesture), is defined as the

shooting action in the “RoboRaid” application, and just received a score of 3.16. On

the other hand, using body movements to dodge attacks provides participants a natural

interaction experience, users can simply move their body to realize this interaction.

Therefore, the average score for this part was 4.24.

These facts also prove that the parameters in our proposed QoE taxonomy for holo-

graphic AR multimedia device evaluation can reflect participants’ actual AR experience,

and would be helpful for the design of these devices and their application with specific

aspects.

5.2 Discussion about QoE and QoS Evaluation

As an inter-disciplinary research field, the area of semi-transparent AR systems consists

of works from many other related areas. By dividing a semi-transparent AR system

into several main functional components, including head localization, 3D content gener-

ation or reconstruction, computing performance, real environment reconstruction, spatial

mapping, hologram visualization, and user interaction, we designed and conducted ex-

periments for each of them to technically evaluate and measure the performance of each

sub-system.

In the previous chapter, we have proven that user ratings for each high-level QoE

parameter are similar to the average rating of its related low-level parameters. Since

low-level QoE parameters connect more closely with QoS parameters, it is possible to

find the relationships between them, and then finally map a QoE model with a QoS

model. We explored several functional components of semi-transparent AR systems, but

more work needs to be done in the future to discover the entire mappings.

Through testing these seven principal components of semi-transparent AR systems,

we also explored their relationships with QoE parameters in our proposed taxonomy, to
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understand the reasons behind the rating scores obtained for certain QoE parameters.

Because semi-transparent AR systems contain several components from various research

fields, our experiments did not cover all the small functional components. We selected

one or more aspects from each component as the example to evaluate the sub-system.

Therefore, there are also some small aspects of each principal component that can be

further investigated. For example, besides speech recognition, the user interaction com-

ponent can also be tested with gesture recognition for different hand types and body

movement interactions. If all QoS technical aspects can be explored and matched with

related QoE parameters, it would greatly benefit the design of semi-transparent AR sys-

tems, since QoS parameters are more intuitive for manufactures and developers and may

help them improve the product, while QoE parameters are more suitable to describe a

user’s experience.

In addition, since each functional component may affect several QoE parameters,

and each QoE parameter may also be influenced by several functional components, there

exists weighting values used to describe the influence between them. So far, the exact

relations between QoE and QoS for semi-transparent AR systems have not been fully

discovered, which remains to be the future work.

The current version of HoloLens is only developing edition, it is a prototype of an

independent head-mounted semi-transparent AR system. In our experiments, its overall

QoE rating has obtained an average of 82.853 out of 100 points. With the improve-

ments of CPU, HPU, memory size, device material, and other aspects, the next version

of HoloLens, or other similar AR systems, will surely further improve user’s AR QoE

with faster and more accurate interactions, a lighter weight, a broader field-of-view, and

possibly additional features.



Chapter 6

Conclusion and Future Work

6.1 Conclusion

Augmented Reality (AR) technology enables users to see a combination of real and virtual

contents in real-time through augmenting virtual holograms on the real environment.

Besides displaying visual contents, semi-transparent AR system also combines multiple

types of sensors and components to improve users’ interactions with these contents.

Therefore, AR systems are able to provide a multimedia experience to users.

In this thesis, we proposed a Quality-of-Experience (QoE) taxonomy for evaluating

semi-transparent AR systems, through referencing QoE taxonomy of other related fields

as well as the feedback from our user study. We also designed a QoE evaluation study to

understand the relationships of QoE parameters, and selected high-level QoE parameters

as inputs to build a Fuzzy-Inference-System (FIS) model.

To prove that the parameters in our proposed QoE framework can accurately reflect

users’ experiences with a holographic AR device, we estimate users’ general experience

by analyzing their ratings of the corresponding parameters. In other words, we created

a model that takes the parameter ratings as inputs and generates the estimated general
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experience score as the output. We performed a user study, where we asked participants

to complete a questionnaire regarding all parameters in the framework (except haptic

feedback, odor and taste) and to provide a general rating score (a value between 0 and

100) for their AR experience. Subsequently, we used a part of the data to develop a FIS

model and test it with the remaining data. Since the general scores estimated by the

FIS model were similar to the general rating scores obtained from the users (the ground

truth), both our proposed framework and the FIS model are validated.

In addition, since semi-transparent AR systems consist of multiple functional com-

ponents, we also designed several experiments to explore these components separately.

Through conducting specific testing for head localization, 3D content generation or re-

construction, computing performance, real environment reconstruction, spatial mapping,

hologram visualization, and user interaction, we technically evaluated and measured the

performance of each sub-system of the Microsoft HoloLens AR system.

By comparing and analyzing the user ratings for the QoE evaluation as well as the

measurements for the corresponding sub-functional components, we discovered several

relationships revealing the connections between QoE and QoS parameters. For example,

by evaluating the computing power of HoloLens (QoS parameter), we found that it is

occasionally slow to respond to user interactions, because of its limited computing power

as an independent HMD device, which explains why user ratings for the corresponding

QoE parameter “system response” is not high.

Through our work, we conducted a comprehensive evaluation of semi-transparent AR

systems, which is of great value to AR developers and users, allowing them to be aware of

the capabilities and limitations of AR systems. Future developments and improvements

of similar devices can also use our work as a reference to increase efficiency.
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6.2 Future Work

Since a semi-transparent AR system is a combination of multiple sub-systems, we plan

to integrate more aspects, such as haptic feedback, digital odor, and taste, to explore

their influence on users’ QoE. We believe that these additions would improve the user

experience. Measuring and evaluating these multimodal attributes for semi-transparent

AR multimedia devices would be of great value to developers and designers, to help them

improve their products and provide users a richer multimedia experience, including audio,

video, haptics, and more.

We have already explored the relationships between several QoE parameters and QoS

technical parameters. However, since one QoE parameter may depend on several QoS

parameters, and one QoS parameter could affect multiple QoE ratings, more experiments

and analyses need to be designed and conducted to discover more detailed connections

between them. With complete mappings between QoE and QoS evaluations, we could

freely adjust the desired parameters when developing or improving applications and

projects. In addition, a model can also be built to estimate the influence of certain

parameters on the general experience.

Computing hardware is developing at an unprecedented pace, creating great oppor-

tunities in the field. With more powerful computing capabilities, semi-transparent AR

systems would be able to provide users a better experience. Therefore, an important

part of future work is to develop and improve the computing components within semi-

transparent AR systems, especially the CPU and HPU specifically designed for AR sys-

tems.

With improved computing power, machine-learning and deep-learning methods can

also be utilized to learn from each user’s interaction history, in order to identify and

predict specific scenarios and user preferences, and provide a faster and more accurate

response. With more and more user data, the design of semi-transparent AR systems
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will better fit each user.

In addition, since our current work mainly focuses on a single user, exploring AR

technology for teamwork will also be valuable. Evaluating the experience of using multi-

ple AR multimedia devices simultaneously could guide developers and users to improve

efficiency under collaborative conditions. For example, multiple AR users, located in

different cities, could use a collaborative AR system to plan the structure of the “same”

virtual city. One important aspect of multi-user AR system is finding the trade-off to

balance the different preferences among users. For instance, the data synchronization

frequency of the system may not be adjustable for each user, therefore the frequency

that can obtain the best QoE ratings in general could be selected, instead of the one that

only suits a curtain number of users.

Semi-transparent AR systems can be widely used for various occasions and purposes.

Therefore, an adaptive QoE model, which can be easily adjusted to suit different types

of AR applications, would be very important for this field.



Appendix A

Guideline to Perform Experiments

with Semi-Transparent AR Device

Through conducting experiments to evaluate semi-transparent AR device and applica-

tions, we summarize the experience and lessons learned to provide a guideline for future

AR user study and application development.

Experimental Environment Setup

Since semi-transparent AR device mainly works with indoor environment, the experi-

ments should be conducted in a room with normal light conditions. Being too bright or

too dark will affect the performance of optical see-through glasses. The room size should

also be large enough to allow users move around to interact with holograms freely.

Due to the nature of AR application, it requires interaction with real surrounding

environment, such as wall, floor, desk, chairs, and so on. Therefore, a room with certain

amount of stuffs would better evaluate AR applications.
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Subjects Selection

To conduct comprehensive evaluation for AR application, subjects should be selected

with various backgrounds, such as different gender, age, eduction level, AR experience,

game experience, relationship with the developer / experimenter, and so on.

As many AR applications need users to move around or rotate head / body to interact

with holograms, proper instructions and waiver before the experiment may be helpful.

AR Device Setup

For head-mounted AR device, adjusting the device position for users is very important.

The display region of the device should fit the users’ eyes to enable a wide and complete

AR view.

Device tightness also plays a significant role: being too tight may cause user headache,

while being too loose will cause the device to slide down. Users’ front hair should be

placed outside the device, since it makes the device more easily to slide down.

Device portal is a useful tool to mirror the view of the user and display it on a

computer. Thus, developer / experimenter can be aware of the user’s views real-time, to

give instructions and hints based on the situation.

Basic interactions, such as calling main menu, selecting icon, moving with holograms,

speaking voice commands, can be demonstrated to users step by step first. After users

get familiar with each interaction, they can practice more complex interactions with the

applications.
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Questionnaire Design

The initial questionnaire may miss some aspects needed to evaluate the AR application.

Therefore, after the experiment with each user, a discussion with them about their

AR experience and feedback for the questionnaire is crucial. If we realize certain key

parameters are missing in the questionnaire, then we need to either find a way to make

up the missing ones, or even discard all previous experiments data if necessary.

Other Tips

Based on our experiments, we also obtained some other tips:

• Avoid making user moving or rotating too rapidly, since AR device may have

localization errors in these situations.

• Experiments can be conducted with both intense and relaxed applications to enable

users focus on different aspects.

• Holograms may not interact with the real environment properly all the time, so

testing with various conditions before experiments would be helpful.
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