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ABSTRACT 

Virtual reality (VR) technology has matured for the past several years and found many 

practical applications in various fields.  As the scale and complexity of virtual worlds 

have grown, building, testing and maintaining a VR-based application (or virtual world) 

became much more complex and difficult likewise.  However, developing a VR 

application still mostly rely on programming, and the gap between the development and 

execution environment has made the situation particularly more difficult for artists and 

domain experts to create the contents for themselves.  The lack of powerful and 

easy-to-use authoring tool is considered as one of the main obstacles for VR to join in the 

main streams of digital media.  In order to overcome this problem, the author proposes the 

VR content developers to work within the application environment, i.e., the virtual 

environment.  This model is referred as immersive authoring.  By working within the 

application environment, the engineering of usability and perceptual qualities of the 

content can occur concurrently during the authoring process.  In addition, instead of using 

difficult programming interfaces, direct manipulation and 3D interactions can be employed 

for specifying various aspects of the VR-based contents. 

In this thesis, the author presents the concept, principles and design approaches of 

immersive authoring.  The virtual world authoring task is analyzed to discover 

requirements of authoring tools, and the immersive authoring design approaches are 

suggested for each task.  Moreover, the basic structure of immersive authoring system 

and its common development procedure are suggested in order to provide the foundation of 



its implementation.  Two prototype immersive authoring systems were developed 

according to these principles – PiP and iaTAR.  By investigating these two prototype 

systems, the author shows the feasibility of the immersive authoring method. 

To validate the postulated advantages of immersive authoring, the author performed a 

formal usability experiment.  The main purpose of the experiment was to show efficiency 

of the immersive authoring method in comparison to conventional development methods.  

Under this purpose, the experiment was designed to collect performance data while 

subjects create immersive contents using both methods.  The immersive authoring tool 

used for the experiment was the iaTAR system, and the counterpart was TARML script 

editing on a desktop computing environment.  The results from the user experiment 

showed that immersive authoring introduced significant efficiency to the authoring 

procedure in comparison to conventional development method.  Especially on spatial 

tasks, immersive authoring method showed twice the performance.  Although the results 

of subjective ratings demonstrated no significant difference between two, the number of 

times subjects referred to the user guide document, and the number of times they got lost 

during the experiment provided indications of higher usability for immersive authoring.  

According to the debriefing results, it is confirmed that immersive authoring has strength 

in specifying spatial features of the content, while conventional method was good for 

non-spatial authoring tasks. 

Although there still exists some problems to be solved, according to the results shown in 

this thesis, the author is convinced of ‘immersive authoring’ as a next generation authoring 

method for VR environments.  Being improved by further researches on VR interfaces 

and virtual world models, the immersive authoring method will undoubtedly provide solid 

assistance to the VR technology, helping it to grow as a main stream of future media and 

human computer interface. 
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Chapter 1. Introduction 

1.1. Motivation 

As the virtual reality (VR) technology has matured during the past several years, the scales 

and complexity of virtual worlds have grown steadily as well.  Virtual reality has found 

many practical applications in various fields such as education, training and entertainment, 

and the contents for these application areas now deserve the same professional approach to 

productions as for movies, games and multimedia contents.  Even though virtual reality 

has been often touted as the next form of human-computer interaction by tapping into the 

human’s multimodality and the power of content immersion, it still has not caught on the 

main stream of content development. 

One of the primary reasons is that virtual reality remains to be “technical” and difficult for 

the “artists” to develop interactive contents with.  Most virtual reality authoring tools are 

really programming interfaces [48][52][51] suitable for the programmers.  In this context, 

it is difficult for the artists to work with the programmers because the artists often do not 

understand the technical details, and these programming interfaces do not serve as an 

effective mean or language for communication among them.   Artists and content 

producers (in comparison to programmers) like to work with “concrete” virtual objects, 

through reuse and composition of their forms, functions and behaviors. 

In comparison, 2D multimedia contents and game developments are no longer driven by 

hands of few bright computer programmers.  Instead, they are planned, produced, 

marketed and managed by teams of experts with diverse backgrounds, including artists and 

designers, under the leadership of a creative director.  Thus, what is desired, similarly for 

virtual reality, is a methodology (i.e., tool or medium) that puts the content artists in the 

driving seat of the production and a way to easily communicate with the programmers for 
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realization of their ideas. 

Building, testing and maintaining a virtual world (i.e., VR-based application or content) is 

a very complex process.  Developers must integrate disparate bodies of knowledge such 

as tracking, displays, interaction, computer graphics, simulation, human factors, and on top 

of it, artistry and content psychology and simultaneously consider many system goals, 

some of which may be conflicting like functional correctness, performance, realism, 

presence, and usability, for example.  Due to this complex nature, construction of a 

virtual world often requires many revisions, and changing one aspect of the world will 

undoubtedly affect other aspects.  For instance, different shapes and configurations 

(positions and orientations in space) can result in different dynamic behaviors.  In fact, 

virtual environment (VE) construction is not only about tackling with the traditional 

computational and logical errors, but also an exploration task.  Developers must find the 

right combination of various types of constituents of the virtual environment like the 

objects, display and simulation details, interaction and modalities, etc. 

Another important factor in making construction and maintenance of virtual worlds 

difficult is the gap between the development and execution platforms.  Like in any design 

processes, the development of virtual reality systems usually goes through iterations of 

specification, implementation and evaluation [14][24].  As one of the purpose of virtual 

reality is to provide a compelling virtual “experience” in an immersive environment, a 

correct system and content evaluation must include a first hand (i.e., with first person 

viewpoint in the environment) validation by the developer as well, and this involves the 

tedious process of wearing and setting up special devices and displays.  This is a major 

hurdle that creates both temporal and spatial gap between the implementation and 

evaluation stage, and in turn, causes delay and inefficiency in the development process.  

Many virtual reality systems have usability problems simply because developers find it 

costly and tiring to switch back and forth between the development (e.g., desktop) and 
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execution environments (e.g., immersive setup with HMD, glove, trackers, etc.), and fail to 

fully test and configure the system for usability. 

By definition, virtual reality contents are “immersive” (i.e., user interacts “in” the VE) in 

nature, unlike traditional PC or console games in which user interacts in third person 

viewpoint, usually.  This makes the production of virtual reality content similar to that of 

movies in which directors use what is called “mise-én-scene” where the director has to 

observe, communicate and instruct positions and movements of actors and cameras, up 

close and perhaps even in the eyes of the actors in the scene [23].  Such an ability to 

direct the behaviors of actors (or virtual objects) in situ would result in a more correct 

behavioral specification and provide an intuitive way to add dramatic elements to the 

content.  Many virtual object behaviors, such as motions and interactions, exhibit 3D 

characteristics that are better designed and tested inside the virtual environment for 

perceptual (rather than functional) reasons.  By the same logic, the perceptual qualities 

such as the sense of presence (dubbed as the feeling of being in the content, which is one 

of the main goals of VR systems [32][10][27]) should be improved by working within the 

execution environment. 

In order to overcome these problems in VR-based content development, and to provide 

efficiency, convenience and easier methods in constructing and testing virtual worlds, the 

author proposes a concept of immersive authoring. 

1.2. Definition 

Immersive authoring (IA) is an authoring method for developing VR-based content (i.e., 

virtual world) that allows the developer to experience and verify the content first hand 

while creating them through natural and direct interaction within the same environment 

where the final result is to be used.  By definition, in immersive authoring, the 

development process is held within the same environment where the content is experienced 
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by the end-users; therefore, developers need not to switch between testing and authoring 

environments, resulting no gaps between two. 

The word ‘immersive’ generally means sensory immersion of a computer display by 

generating a three-dimensional image which appears to surround the user [30].  

Comparatively, within the term immersive authoring, the author refers to immersion into 

the environment where the final content is being used whether it uses an immersive display 

or not.  Therefore, immersive authoring system not only refers to those with immersive 

displays, such as head mounted displays, but also with other display configurations for 

virtual reality (e.g., fish tank VR, mixed reality environments, and others). 

The word ‘authoring’ generally refers to a process of creating multimedia contents.  

While authoring task also implies acquiring images, drawing shapes, editing texts and 

programming behaviors, the word ‘authoring’ is especially used for the integrated process 

combining media elements to organize a multimedia content.  Authoring usually implies 

using an interactive software designed for non-programmers.  However, there are also 

some special programming languages designed for authoring task [46], though they are 

usually prepared for the experts, those who need detailed control, and not for common 

users.  In this research, the author uses the same term ‘authoring’ to refer to a process of 

creating VR-based contents, especially focusing on the tasks for integrating virtual world 

elements.  The author distinguishes the word from ‘programming’, where the purpose of 

programming is to create programs (e.g., utility tools, device drivers, system programs, 

etc.) and not contents, usually. 

In this paper, hereafter, the author refers to the user of an immersive authoring system as 

‘director’ or ‘content producer’ to distinguish him (or her) from normal target users of the 

content. 
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1.3. Research Scope 

This research presents the basic concepts of immersive authoring of virtual worlds, 

possible approaches, design guidelines and task requirements to realize the proposed 

concept.  Prototype immersive authoring systems are implemented based on the 

constructed theoretical foundation, and the postulated advantages of immersive authoring 

are verified by conducting user studies with the implemented systems. 

Developing a virtual world consist of modeling forms, functions and behaviors of virtual 

objects within it [14].  Though an authoring of a virtual world also implies modeling 

geometrical appearances of virtual objects, detailed shape modeling is usually done in a 

separate task, using 3D modeling CAD tools.  For authoring tasks, simple virtual object 

manipulations, such as translation, orientation for placing them and scaling for 

transforming the form, are usually sufficient.  Therefore, in this research, modeling and 

designing detailed geometrical shapes of virtual objects are excluded from the subject, and 

are remained for 3D geometrical modeling researches using immersive displays such as 

[36] and [18].  Instead of restricting the ability of modeling geometrical shapes, here we 

concentrate on conducting the overall structure of virtual world content and modeling 

virtual object behaviors and dynamic features of the virtual world, which much more fits to 

the purpose of authoring, as mentioned formerly. 

1.4. Thesis Structure 

Throughout the following chapters, first, we review some previous works related to our 

study.  Next, based on the concept of immersive authoring, design principles and task 

requirements of immersive authoring systems are established and analyzed to support 

designing and realizing immersive authoring systems.  According to these requirements, 

possible approaches to achieve the purpose of immersive authoring are explored, followed 

by a description of the common development process for implementing immersive 

authoring systems.  A couple of implemented systems are illustrated showing how 
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immersive authoring tools can be realized.  In addition, results from user studies are 

described to provide solid evidences on the postulated advantages of immersive authoring 

method.  Finally, the thesis concludes with summarizing the contribution of this research 

and suggesting future directions. 

 



 7 

Chapter 2. Related Work 

Building a virtual world consists of two major tasks.  One is modeling the geometry (or 

form) of virtual objects and composing a scene by placing them in a virtual space, and the 

other is describing their behaviors and interactions.  Virtual world authoring systems, 

including immersive ones, are expected to provide these two main functions.  Since 

manipulating virtual objects with 3D interaction is common, there have been several 

research works on modeling geometries and constructing virtual scenes within immersive 

environments using 3D multimodal interactions [18][36][6][5][20].  On the contrary, little 

attempts have been made on methods for modeling virtual object behaviors within the 

virtual environment. 

One of the first attempts of carrying out the “programming” task in a virtual environment 

was put forth in a conceptual virtual reality system called “Lingua Graphica” [33].  The 

main idea of this system was to represent various elements of the programming language 

in a concrete manner using 3D objects.  However, the concept was never implemented.  

Steed and Slater developed a system that allowed the visualization of the dataflow among 

the virtual objects within a virtual space [31].  The users were able to view and 

manipulate the links (i.e., dataflow) between virtual objects.  This was one of the first 

implemented systems for immersive behavior modeling.  However, the dataflow 

representation was not general enough to accommodate various types of behaviors that 

were possible in a typical virtual reality system, but more importantly, there was no 

compelling reason or advantage (other than merging the execution and development 

platform) to employ the 3D interaction or immersive environment to view and interact with 

the dataflow representation.  Another work, named PiVoT-2 [25], used the State charts 

[9] to represent virtual object behaviors in a 3D environment.  While the users could 

manipulate the states and the transition links to edit and create behaviors, this system also 
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did not leverage on the spatial nature and other unique advantages of 3D virtual 

environments.  Still, all of these approaches saw the separation of the execution and 

development platforms as a big problem in effective authoring. 

Within similar context, behavior or function authoring using script language has also been 

attempted in many tools and products, because scripting enables developers to build virtual 

worlds easily and rapidly, and immediately reflect results to the execution environment 

(without compiling). This script-based approach is best exemplified in Alice [41].  

However, Alice is designed for authoring interactive 3D graphics, and has limited features 

for immersive VR application (e.g., 3D multimodal interaction, rigorous performance 

issues and presence).  In the area of entertainment, many 3D gaming engines have also 

adopted this scripting approach [47][39][43].  Scripts are usually associated with an 

interactive environment in which it is executed.  Such interactive programming saves a 

lot of time and labor.  We can confirm from many visual RAD (Rapid Application 

Development) tools for 2D WIMP user-interfaces and game prototyping examples. 

Similar to the author’s intention (for fast evaluation of the virtual world in construction), 

Holm et al. [11] proposed the concept of “immersive editing.”  The implementation of his 

idea ran the desktop scene editor and its simulator for immediate viewing of the 

incremental and interactive authoring.  Under this scheme, an assistant (i.e., client user) 

could experience the virtual world and give advices to the developer, while the developer 

modified the virtual world on the desktop editor.  Although assistants were also able to 

apply simple modifications to the virtual scene, the major part of the editing and testing 

remained to the developer on the desktop environment.  In fact, one of their suggestions 

for future direction was to grant more authoring capabilities to the immersive user. 

Authoring virtual reality contents, such as 3D interactive stories, resembles the combined 

task of directing and scriptwriting a movie or play.  The scriptwriter focuses more on the 
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spoken languages among the actors in order to convey the theme and emotion of the story.  

The motions and gestures to be exhibited by the actors, and the required scenes/atmosphere 

are described only in abstract terms.  It is rather the job of the director to realize the visual 

and “3D action” part of the outcome of the script by having an understanding and 

interpretation of the script in his own unique way.  As for virtual reality based contents, 

there is an added responsibility to worry about multimodality and user directed interaction.  

While most scriptwriters will simply rely on one’s imagination to come up with the 

abstract and conceptual description of the actions and scenes in the script, directors can 

work “in situ” and interact with the actors and staff members in many ways (e.g., role 

playing and demonstration, isolated rehearsals, scene/script changes, etc.), to realize the 

final production [23].  The work and interaction model proposed is inspired by the job of 

the director as it pertains much more to the perceptual aspect of how the human user will 

experience the content. 
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Chapter 3. Requirements 

In this chapter, we investigate the requirements of immersive authoring systems.  First, 

we start with general design principles that immersive authoring systems must meet.  

These principles provide guidance in high-level designs of immersive authoring systems.  

As a functional level requirement, the author analyzes the authoring task into several 

subtasks that are expected to be basic functionalities of an immersive authoring system.  

Based on this task analysis, we explore the approaches to immersive authoring in the next 

chapter. 

3.1. Design principles 

To describe the most basic fundamental design principle of immersive authoring systems, 

the author coins a new term ‘WYXIWYG’, which stands for ‘What You eXperience Is 

What You Get.’  Like the term ‘WYSIWYG (What You See Is What You Get)’ [8] in 

modern graphical user interfaces (GUI), this design principle implies that an immersive 

authoring system must support instant and intuitive evaluation of the virtual world being 

built.  As the definition of immersive authoring implies, directors must be able to 

experience the same feeling or experience (not only visual and aural, but also other 

elements such as tactile or haptic if there are any) how the end-users might feel with the 

content under development.  This provides an instant (or even concurrent) evaluation of 

the content under construction, helping the directors to understand the current status of the 

content correctly. 

Ideally, any interactive VR content should go through formal tests for checking its 

usability, level of presence, and other effects for transfer of content.  In reality, this is 

difficult for cost, time and resource problems.  The next best thing would be to allow the 

director to get the feeling of the content as much fast and easy as possible, putting the 
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director in the user’s shoe, and at the same time, ensuring that the director’s intention are 

truly reflected.  For this, the author employs a modeless style of interaction, WYXIWYG, 

in which the director can both develop and evaluate the content without switching to one or 

the other mode. 

The next design principle is to utilize direct manipulation technique as much as possible.  

Direct manipulation [8] is another important concept in 2D GUI together with WYSIWYG.  

This refers to manipulating graphical objects in place and directly.  For instance, to move 

an icon to another position, instead of using indirect methods such as typing commands on 

the command line interface, 2D GUI users points ‘on’ the icon and ‘directly’ drags it to the 

position where they want to place it.  This helps users to manipulate graphical objects 

easily and efficiently.  Similarly, since the immersive authoring environment uses 

three-dimensional interfaces by its nature, there is no doubt that direct 3D manipulation 

will provide efficient and intuitive way for manipulating virtual objects.  In addition, 

using direct manipulation technique not only increases efficiency, but also supports 

keeping the WYXIWYG principle in comparison to other indirect methods that usually 

need to present additional interfaces and information, disturbing the user in experiencing 

the content as it is. 

Although direct manipulations are efficient for virtual object manipulations in 

three-dimensional space, they might hide the details of the underlying content models.  

For instance, it is easy to place a virtual object at a specific position with direct 3D 

manipulation.  However, since direct manipulation deals with the 3D position of an object 

in an abstract and combined way, it becomes difficult to specify precise numbers to each 

coordinate value.  Regarding this problem, as a third principle, the author advices to 

provide sufficient detailed control for the underlying content model.  The level of control 

detail might vary according to the characteristics of the target content type, and the 

authoring system should be designed to provide an appropriate level of control detail. 
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Finally, the author suggests preserving interface consistency between the authoring and 

the final execution environment.  Introducing additional interfaces for authoring tasks is 

hard to avoid.  However, adding different interfaces to the authoring environment implies 

context switching of the directors’ mental activity, and this might distract their attention, 

delaying the development process.  Distracting the director’s attentions might not only 

cause temporal delays to the development process, but also degrade the quality of the 

authoring virtual world.  For instance, the presence, one of the most important quality 

measures of virtual (or augmented) environments, is degraded by distractions and makes it 

hard for directors to fully experience the constructed virtual world and correctly evaluate it.  

Therefore, it is highly recommended to use similar (or at least non-conflicting) interfaces 

with the target application domain. 

3.2. Authoring task analysis 

Suppose we would like to construct an interactive VR-based content for a following simple 

story from the Aesop’s fables (adopted from http://www.aesopfables.com). 

The Hare and the Tortoise 

 

A Hare one day ridiculed the short feet and slow pace of the Tortoise, who replied, 

laughing, "Though you are swift as the wind, I will beat you in a race."  The Hare, 

believing her assertion to be simply impossible, assented to the proposal.  On the 

day appointed for the race the two started together.  The Tortoise never for a 

moment stopped, but went on with a slow but steady pace straight to the end of the 

course.  The Hare, lying down by the wayside, fell fast asleep.  At last waking up, 

and moving as fast as he could, he saw the Tortoise had reached the goal, and was 

comfortably dozing after her fatigue.  Slow but steady wins the race. 
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To realize this story as a VR content, several authoring tasks are required.  The objects 

must be modeled (i.e., geometric shape and configuration) according to the details required 

by their functions which in turn must be specified as well.  For instance, the hare’s 

running perhaps requires modeling of the legs and a rhythmic motion associated with the 

legs.  The initial scenes must be put in place, although they may be subject to later 

modification.  Specific details need to be filled for the object’s behavior such as their 

timing, motion profiles, conditions, triggering events, etc.  Noting that the manifestation 

of the behavior may require a careful selection of multimodal output for the best effect, the 

director can insert special effects, sound tracks and changing lighting conditions into the 

behavioral time line.  All of these important authoring tasks may be repeated and 

rehearsed, as the content develops and matures, during which the director will adjust 

parameters, try different versions, replay and review, and even act out the object’s role 

oneself.  The director will also constantly require various types of information to make 

decisions and carry out these tasks. 

As shown in the example above, directors have to carry out various tasks while authoring 

an immersive content.   An authoring system must support these tasks in a way that 

providing basic functionalities for performing these authoring tasks.  In this section, the 

author analyzes the authoring tasks into several subtasks in order to provide functional 

requirements of an immersive authoring system.  We focus on the major tasks that are 

necessary for authoring a VR content, while one can think of many other functionalities 

that can be provided for convenience purpose (e.g., note taking). 

Authoring tasks can be categorized into three groups: content construction, content review 

and version management, as summarized in Table 3-1. 
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Table 3-1 Authoring task model 

Task category Tasks 

Form specification 

Function specification 

Virtual object specification 

Behavior specification 

Object placement 

Object hierarchy specification 

Content construction 

Virtual scene specification 

Scene wide settings 

Content test runs Content review 

Information browsing 

Save and reload the content Version management 

Composition of different versions 

 

3.2.1. Content construction 

Since the purpose of authoring is to create new contents, content construction is the most 

important task among other tasks related to authoring.  Constructing a virtual world 

implies two major tasks: specification of virtual objects and composing them into virtual 

scenes. 

Virtual objects needed in the content must be defined and their properties must be adjusted 

to fit the specification of the content being constructed.  A virtual object is consisted of its 

forms, functions and behaviors as defined in [14].  Form represents the properties of the 

virtual object including its geometrical appearances, structural information, and other 

physical attributes.  A function of an object refers to computationally elementary 

operations applied to constituent form (e.g., translate forward, rotate arm, switch geometric 

model, assign a property value, etc.), while a behavior refers to how individual virtual 

objects systematically change their forms by carrying out a set of functions over a period 

of time and under different situations.  By specifying these three elements, directors can 
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author a complete virtual object. 

After virtual objects are created, they are not remained separately; they are composed into 

a virtual scene, placed in appropriate positions with their relationships formed up.  

Directors need to manipulate virtual objects and arrange them in a virtual scene so that 

virtual objects would be at their designated positions and poses.  While arranging their 

spatial relationships, directors also need to manage the logical structure between virtual 

objects, which is usually an object hierarchy represented with a scene graph. 

Moreover, other adjustments that affect the whole scene are also needed to be set up, such 

as global lighting and background sound. 

3.2.2. Content review 

While authoring a virtual world, the director often will want to review the scene (in action 

or not), and this requires a capability for the director to navigate through the scene and 

appreciate it from the first person viewpoint.  The navigation can be accomplished in 

many ways ranging from simple keyboard interaction to more natural gesture based 

interaction (e.g., walk in place [28], head tracking, etc.).  According to the design 

principle on interface consistency, basically, the method used by the end-user must be 

provided.  By using the same interface for navigation, the director would be able to check 

up how the users will feel while navigating through the virtual world content. 

For convenience during authoring, other additional navigation methods would be useful, 

such as jumping directly to the viewpoint where the director is currently interested in.  

However, this might mislead the director to misunderstanding the user experience of the 

content being developed.  Therefore, at least the final review and testing of the content 

must be held with the same interface that the users are going to experience. 
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While constructing a virtual world content, the director might need many types of 

information, including general information of the virtual world (e.g., number of scenes, list 

of actors and their roles) and statistical system performance data (e.g., frame rate).  Some 

of these are usually provided naturally through the content construction process (e.g., 

object attribute-value list will be visible when attempting to edit it newly).  However, the 

other ones, such as statistical performance information, might need to be invoked with 

other interfaces such as a system control menu. 

3.2.3. Version management 

Another important task the director will often carry out is version management.  The most 

basic function required for this task is saving the constructed content into a file system so 

that it could be reloaded in the later use.  The final content becomes ready for distribution 

when it is saved into a file system, and the users become able to replay the content by 

reloading it from the distributed file. 

Although the authoring task will end up with the final version of the virtual reality content, 

during the production, there could be different alternative versions for testing purpose.  

Content development may go through several takes and rehearsals, and clips of behaviors, 

spatial configurations, and even individual virtual objects may have to be saved, 

composited, and stitched together during and after the production. 

 

Authoring tasks other than content construction do not need many additional interfaces to 

perform within an immersive environment.  A simple menu system, available in the 

virtual environment, would be sufficient to save or load different versions of contents and 

invoke statistical information during authoring.  Moreover, for reviewing the constructed 

virtual scene, no more than the same setup with the end user interface would be required. 
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However, content construction tasks, conventionally done with programming, need new 

interaction methods in order to accomplish them within an immersive environment.  

Therefore, in the next chapter, the author describes the interaction design approaches to 

these immersive authoring tasks. 
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Chapter 4. Approaches 

To accomplish the authoring tasks within a virtual environment, there can be various 

methods to apply.  In this chapter, the author summarizes these approaches into three 

main categories – using virtual desktop interface, metaphorical virtual objects and 

programming by demonstration technique.  The first approach is to make able to use 

conventional development methods within a virtual environment, while the other two are 

introducing new authoring methods with three-dimensional interactions.  Each method 

has its own strengths and weaknesses, and they are recommended on different situations, 

such as different behavior models, different interaction methods and interfaces.  

Appropriate approaches to each authoring task are suggested at the end of this chapter. 

4.1. Virtual desktop interface approach 

The most naive approach to immersive authoring is to introduce a virtual desktop interface 

into the virtual environment, and simply borrow the ready to use authoring interfaces in the 

desktop computing environment.  With a ‘virtual desktop interface’, the author refers to a 

virtual object functioning as a modern desktop computer interface.  This includes various 

forms of virtual objects, ranging from a complicated virtual object representing a real 

desktop computer to a simple virtual widget that mimics a 2D GUI control available in the 

desktop computing environment. 

Virtual desktop interfaces having similar appearances with real desktop computers might 

have a display, keyboard, mouse and others.  With such virtual desktop interfaces, 

directors may interact in the same way that they use them for programming in the real 

world.  They could be also represented in a simpler way, such as a single flat virtual panel 

showing program codes in text, or 2D diagrams of visual languages.  In this case, 

directors may interact with them using handwritings, gestures, voice recognition or even 



 19 

real keyboards, if they are available.  Figure 4-1 shows examples of such virtual desktop 

interface in work.  The left image shows using a physical keyboard under a video 

see-though augmented reality configuration, and the right image shows using it within an 

immersive virtual reality system [15]. 

 

Figure 4-1 Examples of virtual desktop interfaces (right figure adopted from [15]) 

On the other hand, instead of providing a full-scale virtual desktop interface, simple virtual 

widgets may be sufficient as virtual desktop interfaces for simple tasks.  Commonly used 

controls in 2D GUI, such as menu, button and slider, could be converted and embedded 

into the virtual environment, and directors might easily manipulate them using a virtual 

hand or virtual ray, working just as a cursor in 2D GUI. 

Although the virtual desktop interface approach is simple and straightforward to achieve 

the purpose of immersive authoring, it has some problems to overcome due to the current 

status of virtual reality technology.  Immersive displays, especially head mounted 

displays, still have not enough resolution for displaying large amount of texts and 2D 

interfaces, clear enough as we usually see on desktop display devices.  In addition, 

tracking devices are also insufficient for handling precise interactions such as typing 

keyboards, and usability issues remain with virtual widgets.  Though this problem could 

be overcome as virtual reality technology advances, the virtual desktop interface approach 



 20 

still has weakness in comparison with other approaches on not utilizing the privileges of 

3D visualizations and 3D interactions that virtual environments naturally deserve. 

4.2. Metaphorical virtual object approach 

Using metaphorical virtual objects to represent computer programs is a classical approach 

to immersive authoring.  Former researches, such as ‘Lingua Graphica’ [33], dataflow 

visualization [31] and PVoT2 [25], fall into this category.  The main point of this 

approach is to represent programs or algorithms with 3D metaphorical objects, and specify 

virtual world properties by manipulating these metaphorical objects. 

Similar approaches were made on visual language and visualization field, such as CUBE 

[21] and VISP [7].  However, they are still not enough to represent practical program 

codes, such as virtual object behaviors, and some of them are just for visualization, and not 

for editing or writing new codes. 

While directors need to manipulate metaphorical virtual objects with 3D interactions, most 

of the visual languages, such as dataflow diagrams and state charts, are designed for 2D 

interfaces.  Therefore, they may have limits or inefficiencies to use them within virtual 

environments, directly.  In order to overcome this defect, one needs to develop 3D visual 

languages that are powerful enough to represent virtual object behaviors, and efficient to 

manipulate with 3D interactions. 

4.3. Programming by demonstration approach 

Among the approaches to immersive authoring, the programming by demonstration 

approach leverages 3D interactions in a most active way.  With this approach, to describe 

a virtual object behavior, directors just need to manipulate the virtual object itself in a 3D 

space, demonstrating how the virtual object must behave.  Programming by 

demonstration technique was introduced from artificial intelligence field for programming 
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two dimensional graphical user interfaces [19].  As it is referred as a ‘direct manipulation 

for programming task’ [26], programming by typing codes in a text form is replaced by 

directly manipulating the behaving object itself, showing how they are expected to behave.  

There were some promising works, such as KIDSIM [29] and Pavlov [38], using this 

technique for programming 2D animations and games. These works offer strong evidence 

that programming by demonstration would work well also with virtual environments. 

While many cases of programming by demonstration imply inferring rules from user’s 

manipulation, we can also think of naive approaches such as simply recording the motion 

of an object.  Motion capturing is one of the well known techniques in computer 

animation field, and similar functionalities could be easily provided in an immersive 

authoring environment, as an application of the programming by demonstration approach. 

Although programming by demonstration method has strength on representing spatial 

motions, non-spatial behaviors, such as increments of energy or weight, are hard to 

represent with.  Gauge-like widgets would help to deal with these kinds of behaviors, 

allowing users to demonstrate how virtual world should behave.  Though these kinds of 

virtual objects might be thought of as metaphorical virtual objects, using these objects in 

programming by demonstration approach is distinguished from the metaphorical virtual 

object approach, in which metaphorical virtual objects represent the structure of behavior 

itself, while here we demonstrate the behavior by manipulating the virtual objects. 

4.4. Applying to content construction tasks 

All three approaches described above have their own strengths and weaknesses.  For 

behaviors that mostly consists of three-dimensional motions would get advantages from 

programming by demonstration, and other authoring tasks that need to deal with 

conceptual properties could use metaphorical virtual objects and/or virtual desktop 

interfaces.  Different tasks have different requirements and features, and therefore 
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different approaches may be appropriate to meet their needs. 

While looking through their strengths and weaknesses, the author also proposes using 

multiple approaches and making them to assist each other.  Although using multiple 

approaches could leverage the benefits of each method and help to overcome the 

weaknesses of using only a single method, developers of an authoring system must be 

careful when they try to combine multiple approaches so that they would not suffer from 

the increment of the system complexity and the cost for developing the authoring system. 

In the rest of this section, the author reviews through the authoring tasks, analyzed in the 

previous chapter, suggesting appropriate approaches to each subtask.  The author 

especially concentrates on the content construction tasks, since interaction methods needed 

for performing the other authoring tasks (i.e., content reviewing and version management) 

within an immersive environment are pretty straight forward and have little issues with 

designing a new interface, as mentioned earlier in the previous chapter. 

According to our task analysis, content construction involves two main tasks: specifying 

virtual objects and constituting virtual scenes.  Directors need to create individual virtual 

objects and arrange them into a virtual scene, specifying their spatial and logical relation 

ships. 

4.4.1. Virtual object specification 

A virtual object is consisted of its forms, functions and behaviors [14], and directors can 

create a virtual object by specifying these three elements. 

Specifying forms of a virtual object can be thought of as assigning values to the data 

structure that represents the properties of the virtual object.  Various data structures with 

various data types are needed for representing virtual object properties.  Scaling value of 
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a virtual object can be represented with a single numerical value, while three-dimensional 

positions need vectors, and other composite transformations require matrices.  Moreover, 

some properties, such as the physical appearance (or shape) of a virtual object requires 

more complex data structures, like polygonal meshes. 

Efficient interaction methods vary for different data types and data structures.  There is no 

doubt that 3D manipulations are efficient for changing positions and orientations of a 

virtual object in three-dimensional space.  However, other data structures, those are not 

related with spatial features, might work better with 2D (e.g., mouse) or 1D interface (e.g., 

push buttons).  Therefore, for specifying those properties involved with spatial features, 

one could suggest that the programming by demonstration would be the appropriate 

approach, while for specifying other properties, the metaphorical virtual object or even the 

virtual desktop interface approach would be the right choice.  Table 4-1 summarizes 

representative data types commonly used for specifying virtual object forms, along with 

suggested approaches for each data type. 

Table 4-1 Common data types used in virtual object forms 

Data type Related properties Suggested approaches 

Boolean Visibility VDI, MVO, PBD 

Scalar Scale, Weight VDI, MVO, PBD 

Vector Position, Orientation PBD, VDI 

Matrix Transformation PBD, VDI 

String Name VDI 

Mesh data Appearance (shapes and textures) PBD (3D sketch) 

* VDI: Virtual desktop interface approach 
* MVO: Metaphorical virtual object approach 
* PBD: Programming by demonstration approach 
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Functions of a virtual object are mostly decided by their related forms and their data type.  

For instance, forms with single numerical values might require arithmetical functions (e.g., 

assignment, addition, subtraction, multiplication, division, etc.), while those with vectors 

would require vector operations (e.g., vector addition, vector multiplication, inner product, 

etc.).  For some virtual object properties (or forms), additional functions might be useful, 

such as a ‘rotation’ function which can be applied to the property representing the 

orientation of a virtual object.  Therefore, when the basic virtual object properties and 

their data types are identified through a domain analysis, most of the required functions 

can be also identified and implemented into the system level (during the development of 

the authoring system), rather than specifying them in the content level (when authoring a 

content). 

However, if new functions are to be specified, the best and most familiar method is to 

specify them through typing in textual scripts or code fragments.  Directors may need to 

edit codes for the new function, compile it and reload the module into the authoring system.  

While defining new functions within an immersive setup would be rare, this can still be 

realized simply with the virtual desktop interface approach, or with the metaphorical 

virtual object approach, supported by an appropriate visual language. 

Describing behaviors can be thought of as filling out the behavior model of the virtual 

object.  According to the chosen behavior model, directors might use different interaction 

methods and user interfaces for specifying behaviors.  A behavior model is a template of 

all possible behaviors that virtual objects behave and interact with other virtual objects 

(including avatars that represent human users).  Thus, defining a behavior model entails 

defining the model for the virtual object and furthermore the virtual world. 

Most of the current virtual reality development tools (programming libraries) use 

conventional general-purpose programming languages for describing virtual object 



 25 

behaviors, and usually there is no strict model for behaviors.  In this case, directors need 

to edit program codes to describe the behaviors of a virtual object., and this is best carried 

out through conventional alphanumeric interfaces, i.e., typing with a keyboard.  Therefore, 

the virtual desktop interface would be the appropriate approach to apply, for this case. 

Although using general-purpose programming languages for describing virtual object 

behaviors gives high flexibility, there are also inefficiencies since each behavior must be 

specified in lots of details causing unnecessary repetition of redundant codes, and it is hard 

to manage and reuse them since there are no systematic structures.  Therefore, some of 

the virtual reality development platforms provide their proprietary behavior models. 

The Virtual Reality Markup Language [50], which is one of the most well known virtual 

reality platforms, uses the notion of ‘routes’ to define behaviors.  With routes, users can 

make connections between properties of virtual objects, forming a dataflow graph between 

them.  Alice [41] uses a visual scripting language based on Python language [49] for 

modeling behaviors, with which users can drag-and-drop each element of the scripting 

language in a 2D graphical user interface.  The user script for describing behaviors is 

designed in an event-driven form, where a sequence of animation is fired by a designated 

event, such as a key press or mouse click.  Kim et al. [14] uses state charts to describe 

behaviors.  In their work, a virtual object has several states, and the current state is 

changed according to events.  Each state has actions to do when it becomes the current 

state, when the current state is changed to another state, or during it remains as the current 

state.  Regardless of these works, unfortunately, there is no widely used general behavior 

model until now. 

Reviewing over the behavior models used in virtual reality platforms, we can observe that 

they can be categorized into two major types: those based on the dataflow model, and the 

others based on the event-driven model.  This also has a connection to the category of 
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computer simulation systems [1] – continuous and discrete models.  When using a 

dataflow model, the major task for directors is to specify links between virtual world 

components.  For this purpose, immersive authoring systems might provide an interface 

for manipulating connections between properties of virtual objects, and this implies 

representing logical entities in a visual form, using the metaphorical virtual object 

approach.  On the other hand, when using event-driven imperative models, directors are 

to specify events and the following sequence of functions.  Although these elements 

could be also represented with metaphorical virtual objects, since virtual object behaviors 

frequently exhibit spatial characteristics, three-dimensional direct manipulation and 

demonstration could be more useful.  Directors could constitute a specific situation to 

represent an event (e.g., collision between virtual objects) by directly manipulating the 

virtual objects.  In addition, specifying a series of actions (i.e., functions with spatial 

features) could be achieved by simply demonstrating the movement of the virtual object 

using direct manipulation. 

4.4.2. Virtual scene specification 

When virtual objects needed in the content are prepared, they must be imported into the 

scene, placed and oriented at their initial positions.  (Note that virtual object behaviors 

and interactions are usually specified within a virtual scene, therefore, the tasks are not 

always in a sequential order.)  Normally in a conventional development platform, this 

might be accomplished through a series of trial and error, guessing the translation and 

rotation offsets of the objects with respect to the parent coordinate system, and then 

reviewing them when they are visualized.  For the immersive case, 3D direct 

manipulation (e.g., using virtual hands) can be useful where the director simply selects an 

object and places it on the desired location using one’s hand.  For objects that are off the 

operating range, the director can navigate to the vicinity of where the objects must be 

placed.  For an alternative way, the scene can be built in the “god’s” point of view as a 

miniature [34].  This method also takes advantage of direct manipulation, though the 
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virtual world under operation is shown in different scale and time to time provides third 

person’s viewpoint.  In addition to direct manipulation with virtual hands, indirect and 

constrained manipulations could be useful for finer control.  These can be accomplished 

by introducing virtual widgets, such as rotation/translation axes, or in simpler way, using 

alphanumeric input devices (e.g., keyboards or props with buttons) to directly type in the 

precise value. 

Besides placing the virtual objects spatially, directors also need to specify the logical 

hierarchy between virtual objects.  Wheels of a virtual car must be not only placed 

spatially in the right place, but their logical position in the scene graph hierarchy must be 

also specified in order to behave correctly (e.g., following the body when the car moves).  

Such operations could be held implicitly by modifying the hierarchical structure based on 

their spatial relationship.  For instance, when a virtual wheel is placed close enough to the 

car body, the authoring system could implicitly attach the virtual wheel, as a child node, to 

the car body.  However, one would also need explicit manipulations for detail control 

over the object hierarchy.  In this case, the metaphorical virtual object approach and/or 

the virtual desktop interface approach would be helpful for designing appropriate 

interfaces for explicit manipulation of the scene graph structure. 

In addition to gathering individual virtual objects together, constructing a virtual scene also 

needs setting up the features that affect the whole scene (e.g., global light settings, fogs, 

hazes, and background music).  These features can be considered as properties of the 

virtual scene, and can be specified with similar methods that are used for specifying virtual 

object properties (using virtual desktop interfaces or metaphorical virtual objects).  Each 

supported feature might need to be turned on and off, and some parameter values must be 

adjusted to meet the requirements of the virtual world. 
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Table 4-2 summarizes the approaches suggested for each content construction task.  

While here we only mention the approaches that are thought to be the most appropriate 

ones, note that other approaches are also worth for consideration under different interfaces 

or virtual world models. 

Table 4-2 Suggested approaches to content construction tasks 

Tasks Suggested approaches 

Form specification  PBD (3D sketch), VDI, MVO 

Function specification VDI, MVO 

Virtual object  
specification 

Behavior specification PBD, MVO, VDI 

Object placement PBD (3D manipulation), VDI 

Object hierarchy specification MVO, PBD (implicitly) 

Virtual scene  
specification 

Scene wide settings VDI, MVO 

* VDI: Virtual desktop interface approach 
* MVO: Metaphorical virtual object approach 
* PBD: Programming by demonstration approach 
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Chapter 5. Development 

According to the established design requirements and the suggested approaches, the author 

has developed two prototype immersive authoring systems: PiP and iaTAR.  In this 

chapter, the author describes the development details of these authoring tools.  Before 

going into the details of each authoring tool, the author describes the general basic 

structure of immersive authoring systems that provides a basis for implementation.  In 

addition, the author also arranges common development process for immersive authoring 

systems according to the proposed general structure.  The proposed general structure and 

development process provide a reference for developing an immersive authoring system, 

and they can be applied to the cases other than PiP and iaTAR. 

5.1. General structure of immersive authoring systems 

An immersive authoring system consists of two major parts: the authoring module and the 

execution module (see Figure 5-1).  The execution module runs and displays the content 

created by the authoring module.  A virtual world (the content for virtual reality based 

systems) are described in a formal model, i.e., a virtual world model, which defines how a 

virtual world content could be described in a formal representation such as formal 

languages (e.g., XML).  Virtual world models vary according to its target content type.  

Scene graphs are usually used to describe the structure of virtual worlds, representing 

virtual objects with nodes and their hierarchical and structural relationships with edges.  

However, they vary slightly between software platforms (virtual reality programming 

libraries), and moreover behaviors are usually described separately in another form and 

this differs from one virtual reality system to another. 

Therefore, deciding or defining the virtual world content model (including structural and 

behavioral models) to use is necessary before implementing the authoring system.  After 
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the virtual world model is determined, the execution module is implemented to interpret 

and execute the created content according to the standard virtual world content model.  In 

addition, the authoring module is added to work together with the execution module; so 

that the authoring tasks could be done, during the content is executed.  We describe these 

development steps in detail in the next section. 

 

Figure 5-1 General structure of immersive authoring systems 

5.2. Common development process of immersive authoring systems 

Due to its deep relationship with the virtual world being constructed, the design of an 

immersive authoring system is tended to be dependent to the adopted virtual world model.  

Authoring a virtual world can be thought of as filling out the variables or parameters of the 

virtual world content model.  Therefore, according to the virtual world model, the 

immersive authoring system might use different approaches and this will lead to different 

interaction methods and user interfaces.  In addition to the virtual world model, 

interaction methods and user interfaces chosen for the target virtual world content also 

affect the immersive authoring system, because, according to the WYXIWYG principle, 

they must be provided in the authoring system as well, to be tested with. 
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Developing an immersive authoring system is neither a simple nor a short-term work.  

However, since there are common basic structures and similar characteristics, an outline of 

procedure for developing immersive authoring systems would help to make the process 

more efficient.  In this section, the author outlines the development process of immersive 

authoring systems. 

The process for developing an immersive authoring system consists of four stages: 

application domain analysis, immersive authoring design, implementation, and verification.  

The first two stages are for preparing a specification of the immersive authoring system, 

and the later stages are implementation and verification of the specification established on 

former stages. 

5.2.1. Application domain analysis 

The first step of developing an immersive authoring system is analyzing the given specific 

application domain.  The purpose of this stage is to understand the application domain 

and establish the virtual world model covering the chosen application domain. 

First, we can start up with listing up the common requirements of virtual worlds in the 

target application domain.  In this step, common hardware interfaces used in the target 

domain are set up and the frequently used specific virtual scene structures and behaviors 

are identified.  Identifying the common features of the virtual worlds in target domain 

helps developers to understand the application domain, and this leads to defining a virtual 

world model. 

Determining a concrete and appropriate virtual world model for the given application 

domain provides an important foundation of developing an immersive authoring system.  

A virtual world model would contain a model of required virtual entities (including virtual 

objects and users), a model for representing the geometrical configuration of a virtual 
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world (i.e., a scene graph), and a behavior model specifying how virtual objects behave 

and interact with other virtual objects.  Here, virtual objects may include users as avatars, 

where an avatar can be thought of as a virtual object controlled by the human user through 

physical interface devices. 

5.2.2. Immersive authoring design 

According to the virtual world model and the user interfaces decided in the former stage, 

developers have to decide the immersive authoring method that will fit the requirements 

best.  As described formerly, there are three main approaches to immersive authoring 

tasks – using virtual desktop interface, metaphorical virtual objects, and programming by 

demonstration.  An appropriate approach (or multiple approaches mixed) must be decided 

according to the virtual world (especially behavior) model, interfaces and interaction 

methods used in the target application domain. 

As mentioned formerly, especially the behavior model shows a big difference between 

different application domains, thus gives a big influence on the design of an immersive 

authoring system.  As we referred to authoring a virtual world as filling out the virtual 

world model, describing a behavior of a virtual object can be thought of as filling out the 

behavior model, as well.  Therefore, the task requirements for describing behaviors differ 

according to the behavior model.  Some behavior models might be enough with an 

interface for selecting behavior elements from a menu system [41], some others may 

require more complicated interfaces that can modify connections between given 

components [50], while others might need exhaustive description of codes (when using a 

general programming language itself as a formal behavior model).  These different 

behavior models need different interaction methods for manipulating them in an efficient 

way.  Some of them might work more efficiently with 3D interactions (e.g., free motions 

with motion captures), but others could be inefficient to use three-dimensional 

manipulation and work better with conventional interfaces, such as keyboards for using 
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programming languages.  Considering these characteristics helps to decide appropriate 

immersive authoring approach. 

After making the decision of what approach to use, visualizations and interactions for the 

authoring task must be designed.  While designing the visualization and interaction 

methods, developers must beware of the inconsistency between authoring and execution 

environments.  Using the same or at least similar methods with the execution 

environment may increase the efficiency of authoring system development by preventing 

developers from writing new codes, and encouraging them to reuse the codes of the 

execution environment.  In addition, it may also help the users of the immersive authoring 

system (i.e., directors) by preventing them from learning new interactions for the authoring 

task, lightening their mental loads caused by the context switches between authoring and 

executing environments.  However, although preserving the consistency is highly 

recommended, developers of the immersive authoring system must remember that some 

immersive authoring approaches may need certain additional interaction methods and 

interfaces, and must not disregard them under inordinate adherence to consistency. 

5.2.3. Implementation and verification 

An immersive authoring system is implemented according to the specification and design 

accomplished in previous stages. The implementation of an immersive authoring system 

can be divided into two parts: the execution module and the authoring module. 

As described in the previous section, an execution module is implemented to execute a 

virtual world content represented in a formal virtual world model, which was designed at 

the application domain analysis stage.  The authoring module is built on the execution 

module, producing virtual world contents in a formal representation (i.e., the virtual world 

model) by interpreting the director’s intentions expressed with interactions. 
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Since virtual worlds are described in formal representations, they can be easily stored into 

a file system.  Moreover, if the virtual world model is represented in a human readable 

form (e.g., a scripting language), the development gets much easier.  Since the 

implementation of the execution module can be fully separated from the authoring module, 

the execution module could be tested independently by loading the contents typed into a 

script file, instead of relying on the authoring module to produce one. 

After implementation, the immersive authoring system needs to be validated whether it 

fulfills the requirements (the virtual world model specification, interactions designs, and 

interface usability, etc.) revealed in the designing stages.  Although a formal 

comprehensive user studies are still needed, one simple way to validate the implementation 

is to perform some case studies.  While authoring a number of representative virtual 

world contents in the target application domain, users can find out improper 

implementations and unintended problems of the implemented immersive authoring 

system, and these points can be fed back to the developers and improve the immersive 

authoring system design.  The virtual worlds used for testing the implemented immersive 

authoring system must have representative features of the target virtual world model.  In 

addition, authoring a number of test virtual worlds, each focusing on some different 

features of the authoring tool, would help the verification process to be more effective and 

more comprehensive. 

 

Although the development process of an immersive authoring system is described in a 

sequential order, the process can be reconfigured under different situations.  For instance, 

in order to develop an immersive authoring system over an existing virtual reality 

framework, the domain analysis stage can be skipped (or done grossly) and proceed 

directly into the immersive authoring method analysis step, adopting the pre-built virtual 
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world model of the framework.  Besides omitting some stages, the sequence of the 

process could also be altered.  For example, developers may return to the immersive 

authoring method analysis step, and modify the system design according to the figured out 

problems at the implementation or verification stage. 

5.3. Prototype systems overview 

Two prototype immersive authoring systems were implemented – PiP and iaTAR – where 

the first one is under a fully immersive virtual reality configuration, and the other one is in 

Tangible augmented reality (AR) [13] environment.  Those two platforms were chosen 

since they are widely used platforms in virtual and augmented reality researches.  Other 

features of the two systems were also chosen carefully to cover representative behavior 

models, and immersive authoring approaches. Table 5-1 summarizes the features of each 

prototype immersive authoring system.  The implementation details of each authoring 

system are described in the following sections. 

Table 5-1 Prototype immersive authoring systems 

Prototype 
system 

Platform 
environment 

Application domain 
Virtual world & 
behavior model 

Main approach 

PiP 
Immersive 

virtual reality 
Interactive virtual 
reality adventure 

Scene graph / 
Event- 
driven 

Programming 
by 

demonstration 

iaTAR Tangible AR AR storybook 
Component / 

Dataflow 
Metaphorical 
virtual objects 

 

The PiP system was designed for authoring interactive virtual reality adventure 

applications.  The virtual world model of the PiP system was designed based on scene 

graph structure, which is common for describing immersive virtual environments, and the 

behavior model was based on event-driven model, which fits well with interactive 
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behaviors of virtual objects.  Noticing that interactive behaviors of virtual object include 

many spatial motions, the author chose programming by demonstration approach for 

immersive authoring design in the PiP system. 

With the iaTAR system, the AR storybook, similar to MagicBook [4] which is one of the 

most representative applications of Tangible AR interface, was chosen as a target 

application domain.  After a careful feature analysis on Tangible AR application domain, 

a component based virtual world model was chosen in iaTAR, with a behavior model 

based on dataflow graphs.  According to the chosen virtual world model, the main 

approach to immersive authoring was decided as using metaphorical virtual objects. 

5.4. PiP 

Here we describe an immersive authoring system for interactive virtual world adventure 

contents, named ‘PiP’, which stands for ‘Programming virtual world within virtual reality 

Program’.  The PiP system mainly uses the programming by demonstration approach to 

immersive authoring.  Users can place virtual objects in a virtual world and model their 

behaviors while experiencing the virtual world being built, wearing a head mounted 

display, data glove, and tracking devices. 

5.4.1. Application domain analysis 

In an interactive adventure virtual world, participants play a role within a story and interact 

with the virtual world (i.e., virtual objects) to decide the story line.  A story may consist of 

multiple scenes (or stages), and the scenes are changed according to the participant’s 

decision or the result of simple interactive games.  In order to grant these requirements, 

the virtual world model must support multiple scenes and must be able to switch between 

them. 

Thinking over that scenes of stories are usually similar to the real world environment, and 
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since most of the participants will be naive users (e.g., children), a virtual hand is chosen 

for the interaction method.  With the virtual hand interface, users can grab virtual objects 

to select and manipulate, naturally, just as they do with their hands in the real world.  For 

navigating through the virtual world, users can simply point to the direction they want to 

move with the virtual hand interface.  This interaction design naturally leaded to a 

hardware configuration using a data glove for hand gesture recognition, and tracking 

devices to track the participant’s head and hand movement. 

Since virtual objects appearing in the story may behave under its own will and react to the 

user, the behavior model must support both type of behaviors, i.e., virtual object behaving 

as time flows and reacting to events such as collisions.  A timer event must be also 

supported, since a story may also change on some specific point of time.  The behavior 

model for the PiP system is designed considering these requirements, while also 

referencing to the behavior models of previous 3D and 2D interactive applications 

[41][29][38]. 

As a result, the virtual world model for the PiP system is designed, considering these 

features of the application domain.  Like conventional virtual reality systems, the PiP 

system also represents a virtual world using hierarchical scene graph structures.  The 

author extended the usual scene graph structure to include object type (or class) 

information.  This class information, encapsulated in the “type” node as shown in Figure 

5-2, serves as a template that the director would fill in to specify features and behaviors of 

the relevant object.  As usual, there is a tree representing the whole virtual environment.  

The tree has a root node, called “universe,” and a collection of “world” nodes representing 

smaller scenes.  Additional data structures are attached to the universe to represent 

properties of the universe itself, such as the current time, currently activated world, etc.  

Virtual objects, regarded as instances of the types, are grouped under the corresponding 

world nodes. 
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Figure 5-2 The virtual world model in PiP 

 

A virtual object in the PiP system is consisted of its forms, functions and behaviors as 

defined in [14].  Form represents physical properties of the virtual object including its 

geometrical appearances and structure.  Functions are elementary operations applied to 

the form of the virtual object (e.g., translate, rotate, scale, create, destroy, and arithmetic 

operations), and these functions are combined with a set of events to form high-level 

behaviors (e.g., flee from virtual hand, eat food, etc.) 

Virtual objects in the PiP system have system defined form properties and functions as 

summarized in Table 5-2 and Table 5-3.  In addition to these basic properties, users can 

also add custom properties for defining new types of virtual object, as well. 
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Table 5-2 Form properties in PiP  

Forms Description 

Type Type of the virtual object 

World The world where the object is located and belongs to 

X, Y, Z 3D position of the object 

Azimuth, Pitch, Roll 3D pose of the object 

Scale Current scale factors to each main local axis 

Appearances The geometrical model 

Sound Clip The sound of the object 

 

Table 5-3 Functions in PiP 

Functions Description 

ChangeVariable 
Perform arithmetic operations on form property values. 
(=, +, -, *, /, %, ^) 

Create Create a new object with given type. 

Destroy Destroy the specified object. 

Move 
Move the object along the local axis. 
(Move forward, backward, left, right, up, and down) 

Rotate 
Rotate the object with respect to the local axis. 
(Turn left/right, pitch up/down, and roll left/right) 

Scale Scale the object along the local axis. 

Play Play a specific sound clip. 

 

The behavior model in PiP, named ‘ACE (Action while Context holds when an Event 

occurs)’, is based on general event-driven model, and has three components: event, context 

and action. 
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An event is a stimulus that triggers the behavior.  There are three predefined types of 

events: collision, change in object property value, and timer event.  Collision event occurs 

when the object collides with another object.  Users can also specify an event that occurs 

when one of the properties of the object changes its value.  Timer events are for 

synchronizing behaviors by setting them to occur at a specific time, or periodically.  Note 

that a behavior may also be triggered voluntarily without any event.  Such behaviors are 

performed continuously. 

A context refers to conditions that must hold when triggering behaviors.  There are two 

types of contexts: spatial and non-spatial.  The spatial context specifies the spatial 

configuration around the virtual object.  Regions of interest can be specified around the 

virtual object with 3D geometries, such as boxes or spheres, and for each region, the 

director can place a spatial constraint for the object in question with respect to the regions.  

For instance, in order to specify a spatial context that a certain type of object must present 

in front of the virtual object in action, one can place a box shaped region in front of the 

virtual object, and fill this region with another object with certain type that must be there.  

On the other hand, one can also leave it empty to specify that there must be no objects 

inside that region.  The non-spatial contexts are constraints formulated using properties 

values of the virtual objects.  These can be represented using logical and arithmetic 

predicates. 

An action is a sequence of function calls that are called upon the context satisfaction and/or 

required event occurrences.  Table 5-3 summarizes the set of functions available in the 

PiP system.  Actions are performed sequentially when the designated event occurs and 

the contexts are satisfied.  While most of the actions are performed by the object carrying 

out the behavior, they can be also applied to the objects that were specified in the event or 

in the context.  For instance, users can specify to perform an action on the collided object 

or the objects that are within the specific region described by the spatial context. 
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Figure 5-3 shows the syntax of the ACE behavior model in the BNF (Backus-Naur Form), 

and an example of its use is illustrated in Figure 5-4.  The example describes a behavior 

of a virtual fish that is triggered when a food type object is collided.  Two contexts must 

hold to perform the sequence of actions: move forward and destroy the collided food 

object.  One is a spatial context that specifies there must be no other objects behind the 

fish, and the other is a non-spatial context that makes sure the fish is not in a specific 

appearance. 

 

Figure 5-3 The structure of PiP script for ACE behavior in BNF 
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Figure 5-4 Sample PiP script specifying the ‘eat food’ behavior of a virtual fish 

All ACE behaviors defined for each object are assumed to run concurrently unless 

specified otherwise.  That is, behaviors can be made sequential or synchronized by 

specifying the necessary events and contexts. 

 

5.4.2. Immersive authoring design 

According to the application domain analysis, virtual hands were chosen as a main 

interaction method, and this method is used for immersive authoring tasks, as well.  Users 

can manipulate virtual objects and place them in a virtual world using their virtual hands. 

Figure 5-5 shows translating a virtual fish object with a virtual hand.  In addition to direct 

manipulation with virtual hands, PiP also supports indirect and constrained manipulations 

for finer control through the virtual widgets as shown in Figure 5-6. 
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Figure 5-5 Moving a virtual object with virtual hand in PiP 

 

Figure 5-6 Scaling a virtual object with virtual widget in PiP 

In contrast with the execution environment, authoring environment needs more interaction 

techniques and modes for authoring tasks.  To meet these needs, a menu system is 
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necessary to organize these various interaction techniques and authoring tasks.  In the PiP 

system, an iconic menu is presented to the user at a fixed position relative to the viewpoint.  

As thinking of an interaction method for the menu system, using 3D manipulations with a 

virtual hand is the most consistent way with the execution environment.  However, 

navigating through many menu items using a virtual hand might bring more fatigue to the 

participants arm.  In addition, continuously moving their hands between a virtual object 

and the menu system is quite inefficient, while it would be more efficient if menu items 

were selected in another way and the participant’s hand stay with the virtual object being 

manipulated.  Concerning this problem, an additional interface is introduced for the menu 

selection.  Directors hold a 3-button prop on their non-dominant hand, and browse 

through the menu items and select one by pressing the buttons on it: left, right, and select.  

By choosing the commands from the menu, directors can change between different 

manipulation modes (e.g., create new object, translate, rotate, etc.), review the constructed 

virtual world by playing or rewinding to a specific time, and save or reload the constructed 

virtual world into and from the file system. 

Among the approaches to immersive authoring, programming by demonstration method is 

chosen as the main manner for describing behaviors in PiP.  Modeling object behaviors 

amounts to using 3D interactions to specify the required events, contexts and actions.  

More specifically, when authoring a behavior, the director selects the event, context and 

action modes one after another, and demonstrates each behavior component in each mode 

to complete the behavior model. 

Collision events are demonstrated through manipulating the relevant virtual objects and 

making them collide with one another (see Figure 5-7).  That is, the director can select an 

object using the virtual hand, and simply move it toward another object to simulate the 

collision. Changes in object property values can be demonstrated simply by manipulating 

the virtual object as well.  To specify an event that an object is to face toward a certain 
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orientation, the director would select the object and rotate it toward the appropriate 

orientation and the final orientation value is stored as the event trigger.  Finally, timer 

events are set through interacting with the virtual timer widget as shown in Figure 5-8. 

 

Figure 5-7 Demonstrating a collision event in PiP 

 

Figure 5-8 Demonstrating a timer event in PiP 
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Contexts are demonstrated in a similar way.  A region of interest in a spatial context is 

specified using box shaped virtual widgets (see Figure 5-9).  After specifying the 

dimensions of the region of interest box (e.g., using the virtual hand), the director can place 

a specific type of object inside it, specifying that a certain type of object must present in 

that region.  Setting non-spatial contexts can be specified by simply changing object 

property values within the context specification step.  For example, to specify a condition 

that an object property must have a certain value, the director simply needs to manipulate 

and modify the property into a desired value.  However, many non-spatial contexts also 

involve mathematical or logical expressions and applications of various predicate functions.  

Though simple expressions can be put together using the menu system, it is acknowledged 

that complex expressions are better to input using the keyboard and mouse. 

 

Figure 5-9 Demonstrating a spatial context in PiP 

Actions are easily demonstrated by manipulating virtual objects with 3D interactions and 

menu commands.  Specifying spatial actions, such as motion profiles and their timing, 

can be obtained by grabbing the object in question and moving it in space, while the 

authoring system records the object’s movement.  Other actions such as changing 
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non-spatial property values or creating new objects can be easily demonstrated by 

choosing corresponding menu items to perform each command. 

5.4.3. Implementation 

The PiP system is built on the Microsoft’s Windows operating system using the OpenGL 

library.  The system runs in two modes: authoring and execution modes.  While in the 

authoring mode, the menu system is shown at the bottom of the (HMD) screen for 

performing authoring operations.  The execution mode simply shows the virtual world in 

action, and reflects the results from the authoring efforts.  Figure 5-10 shows the VR 

devices used in PiP: a head mounted display, FASTRAK [45] for tracking head and hand 

positions and orientations, the 5th Glove [40] for hand gesture recognition, and a 

3-buttoned prop for menu selection. 

 

Figure 5-10 Devices used in the PiP system 
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5.5. iaTAR 

Another prototype immersive authoring system was implemented for Tangible augmented 

reality applications – the iaTAR (immersive authoring for Tangible AR).  

5.5.1. Application domain analysis 

Tangible AR interfaces [13] are those in which each virtual object is registered to a 

physical object and the user interacts with virtual objects by manipulating the 

corresponding physical object.  As the definition implies, there are mainly two kinds of 

entities in Tangible AR applications: virtual objects and physical objects. 

Virtual objects are the main entities that the users are interested in and want to interact 

with.  They are visualized in various forms, such as 2D images or text and, of course, 3D 

geometries.  On the other hand, physical objects serve as tangible interaction points on 

which the visualization of virtual objects are overlaid, and where the user inputs are sensed.  

Tangible AR applications typically use real physical objects as input devices. 

Since physical objects mediate the interaction between virtual objects and the user, there 

should be logical connections between the physical and virtual objects; physical objects 

that the user physically interacts with, and virtual objects that the user virtually interacts 

with.  For example, in order to draw a virtual object registered on a physical object, the 

position and orientation data of physical objects are needed to be connected and fed to the 

corresponding virtual object properties. 

The connection between physical and virtual objects can be more than a direct mapping 

between their property values.  For example, suppose that we want to change the size of a 

virtual object according to the proximity of the physical object to the user’s view.  The 

distance should be obtained by calculating the norm of the relative position vector between 

them, and this requires a couple of arithmetic operations.  To represent these logical (or 
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arithmetic) operations, we introduce another type of entity named ‘logic box.’  A logic 

box might represent a single logical (or arithmetic) operator, or even a complex behavior 

such as controlling joint angles of a virtual character. 

Putting all these features together, the author suggests a component based virtual world 

model for Tangible AR contents.  In our model, a Tangible AR content is described with 

a number of components and connections between their properties.  Figure 5-11 shows 

the overall structure of a Tangible AR content.  Using a dataflow model to describe the 

user interface for virtual environments traces back to an early virtual reality program 

named Body Electric [12] from VPL.  And it also agrees with the previous work of Steed 

and Slater [31] that investigated on editing logical structures of a virtual world within a 

virtual environment. 

 

Figure 5-11 Conceptual structure of a Tangible AR content 

There are three types of components in our content model: physical object, virtual object 

and logic box.  Each component has a set of properties that represents the state of the 

component, and each of these properties differs between different component types.  Each 

property has a specific data type and read/write attribute according to the features of the 
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component it represents.  For instance, the position property of a physical object has a 

vector type value that represents a three-dimensional coordinate.  Its value can be read but 

cannot be modified freely, since it is determined by the physical location of the physical 

object.  Table 5-4 summarizes the properties of each type of components. 

Table 5-4 Component properties in iaTAR 

Component type Property name Data type Attribute 

Visible Boolean Read only 

Transformation Matrix Read only 

Position Vector Read only 
Physical object 

Orientation Vector Read only 

Visible Boolean Read and write 

Base transformation Matrix Read and write 

Transformation Matrix Read and write 

Position Vector Read and write 

Orientation Vector Read and write 

Scale Scalar Read and write 

Virtual object 

Play (optional) Boolean Read and write 

Logic box (varies) (varies) (varies) 

 

Properties of physical objects are mainly related to their tracking results.  The visibility of 

the physical object represents whether the object is successfully tracked, and the 

transformation, position and orientation properties represent the physical pose of it.  

Virtual objects have similar properties with physical objects, while they have writable 

attributes, meaning they can be freely modified.  Some virtual objects, that represent 

sound sources, also have additional Boolean properties for playing and controlling sounds 

clips.  Properties of logic boxes vary from one another.  They are determined by the 
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logical functions that the logic box represents.  For instance, a logic box for vector 

addition might have two input and one output vector properties, while a logic box 

representing a motor like behavior might have only a single property that gives the rotation 

value, changing as the time flows. 

Tangible AR contents can be authored by connecting a number of components together.  

Properties of components can be connected to each other when they have compatible data 

types and attributes.  For example, properties with scalar data types can be linked to those 

with scalar or Boolean values, but cannot be linked to those with vectors, unless they are 

modified to a scalar value using a logic box.  A property used as a target must be writable, 

while the readable attribute is sufficient for source properties. 

Once a property is linked to another, its value is updated according to the source property.  

For instance, a virtual object can be registered to a physical object simply by connecting 

the transformation attribute of the virtual object to that of the physical object.  For 

convenience, another property named ‘base transformation’ was introduced to virtual 

objects to represent the parent reference frame of the object, and this property is usually 

used for registering virtual objects onto physical objects. 

5.5.2. Immersive authoring design 

Given the content model, the task requirements for authoring Tangible AR contents are 

analyzed.  After specifying these requirements, the author describes the interaction design 

chosen to fulfill the requirements. 

As mentioned earlier, the authoring task can be regarded as building application content by 

describing it with the established content model, i.e., defining entities and filling out their 

property values declared in the model.  Since our content model is a component based 

one, the main authoring task will be manipulating the components.  Directors need to 
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create components, modify their properties, make connections between them, and destroy 

it if not needed anymore.   Table 5-5 summarizes the main tasks and their subtasks for 

manipulating components. 

Table 5-5 Authoring tasks for component manipulation in iaTAR 

Main task Subtasks 

Create Select type 

Destroy Select a component to destroy 

Modify 

Select a component to modify 

Browse & select a property 

Change the value of the property 

Connect 
(or Link) 

Select components to connect 

Browse & select properties 

Connect/disconnect the properties 

 

The most basic tasks are creating and destroying the components.  For creating a 

component, the director needs a way to specify the type of the component s/he wants to 

create.  Directors need to browse through a list showing what kind of components they 

can define.  This requires a menu-like interface to a set of items that directors could 

browse through before choosing one of them. Some vital components, such as pre-defined 

physical objects, could exist without the need for being explicitly created.  These 

components will be provided to the director from the beginning of the authoring process 

and the directors would be able to use them immediately.  Destroying a component 

requires the ability to select a component.  Directors need to select a component, which 

they want to destroy, and this requires an interface for pointing or selecting a specific 

virtual object. 
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The created components may need to be modified to complete the Tangible AR content.  

Modifying a component is simply changing its property values.  In order to change a 

property value, the director first needs to select the component and its property that s/he 

wants to change.  This requires an interface for browsing over the list of properties and 

their values.  After the property is selected, directors need to specify a new value for it.  

The interface for specifying a component property value may vary according to the data 

type of the property.  For example, simple scalar values are easy enough to modify with 

buttons or keypads while 3D transformations may be more conveniently modified with 

direct manipulation. 

The last main task for manipulating components is to connect their properties with each 

other.  Similar to changing the property values, directors first need to select components 

and the properties they want to connect or disconnect.  Hence, the same interface could be 

reused for selecting properties, while a new interaction method is needed for specifying the 

status of their connection. 

According to the subtasks identified from the task analysis, summarized in Table 5-5, the 

interaction methods for each subtask are designed.  In order to maintain the consistency 

between the authoring environment and the final application environment, we avoided 

introducing new environmental setups.  Instead, we only introduced props for the 

authoring task that can be used in the same environment with general Tangible AR 

applications.  The physical props are simple pads and cubes that are commonly used in 

Tangible AR applications.  Figure 5-12 shows three basic props used for the authoring 

task: a component browser, a manipulator and a disposer.  Since these props are needed 

only for authoring tasks, and directors can put away them whenever they want, the 

directors are guaranteed to concurrently experience the final content without any 

disturbance throughout the authoring task, and this meets the ‘WYXIWYG’ design 

guideline. 
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Figure 5-12 Tangible props for authoring tasks in iaTAR 

For creating a new virtual object component (or logic box components), directors need to 

select the type of virtual object they want to create.  The component browser provides a 

physical interface for browsing over available 3D virtual objects and selecting the desired 

one.  Directors can browse over the virtual objects one by one, by pressing (pointing) the 

arrow buttons on the left and right sides of the browser.  To create a new virtual object, 

directors select the virtual object on the browser by pointing at it with the cube manipulator 

(shown in Figure 5-13).  After a second, an instance of the pointed virtual object is 

created and selected on the manipulator. 
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Figure 5-13 Creating a new virtual object in iaTAR 

After a virtual object is selected with the manipulator prop, it moves according to the 

movement of the manipulator.  The selected virtual object is kept in a fixed position 

relative to the manipulator when it is selected, and rotates according to the pose of the 

manipulator.  To release (or unselect) the virtual object, the director simply needs to hide 

the manipulator for a couple of seconds.  The virtual object will remain in the last 

position and orientation where it was placed.  This interaction was designed following the 

notion of the ‘drag and drop’ metaphor, which is one of the most well known direct 

manipulation methods in 2D desktop graphical user interfaces. 
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The picking up and dropping interaction method is used for destroying objects, as well as 

for placing (or modifying) them.  The upper row of the Figure 5-14 shows moving a 

virtual object from one physical object to another, while the lower row shows destroying it 

by dropping on the disposer prop. 

 

Figure 5-14 Virtual object manipulation in iaTAR: select, move, and destroy 

Although direct manipulation of virtual objects takes advantage of the direct 3D 

manipulation, it hides the details of how the underlying content model is affected.  For 

instance, when placing a virtual object on a physical object, the following things happen.  

First, the base transformation and visible properties of the virtual object are connected to 

the corresponding properties of the physical object.  Then, the position and orientation 

properties of the virtual object are changed, in order to place the virtual object in an 

appropriate position relative to the physical object.  In order to provide detailed control 

over the content under construction, two more types of interfaces, inspector pads and 

keypads, were added.  With these tools, directors can deal with the components in detail 
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by controlling their individual properties (see Figure 5-15). 

 

Figure 5-15 Inspector pad and keypad props used in iaTAR 

The interaction for selecting and deselecting a component with an inspector pad is similar 

to that of manipulators: pointing at a component for a second with the probe and hiding the 

interface.  While the manipulators are only allowed to select virtual object components, 

directors can also select physical objects with the inspector pads. 

Once a component is selected, the inspector pad shows the properties and their values of 

the selected component (see Figure 5-16).  Directors can browse through the properties 

by holding and manipulating the inspector pad.  The list of properties shows up when the 

inspector pad is close enough to the users’ view, and the list can be scrolled up and down 

by tilting the inspector pad up and down.  The property displayed on the middle of the 

inspector pad is the selected one, and the inspector pad shows the value of the selected 

property.  The display format of the value is changed according to the data type of the 
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selected property, and the small arrows on the left and right side of the inspector pad 

represent the read/write attributes. 

 

Figure 5-16 Browsing through the property list of a component in iaTAR 

To change the value of the selected property, directors can use a keypad together with the 

inspector pad. Since most of the properties can be represented by numeric values, keypads 

are used for providing an input method for these.  We designed a keypad using 

occlusion-based interaction method, where a number of visual markers used for tracking 

the prop are also used for the button pressing interaction (implementation details described 

in the next subsection).  Figure 4 shows an instance of keypad that has ‘+/-’ buttons 

together with a unit selection button on the middle.  Directors can select the unit between 

0.1, 1 and 10 by pressing the unit button in the middle, and by pressing the ‘+/-’ buttons, 

the value is raised or lowered by the selected unit.  To change the value of the property 

selected on the inspector pad, the director can connect the keypad to the inspector pad, and 

raise or lower the value by operating the keypad.  Figure 5-17 shows an example of using 

an inspector pad and a keypad to change the scaling property of a virtual cube. 
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Figure 5-17 Changing the scale property value of a virtual cube in iaTAR 

Connecting object properties implies selection of multiple properties.  Instead of 

introducing another selection method, here we simply duplicated the inspector pad to select 

two object properties being connected. 

The interaction method for connecting two selected properties can be designed in various 

ways.  In the early stage of development, first, we have tried to map the logical 

connection between properties directly to the physical connection between inspector pads, 

using puzzle cut edges.  Although the physical connection worked well as an easy and 

intuitive input method, since the puzzle pieces were not physically controllable in an 

automatic manner, it was not feasible for displaying the current connection status unless 

users connect them physically.  Moreover, this early design was poor to prevent 

incompatible connections (e.g., allowing connections between properties with 

incompatible data types or attributes).  To solve these problems, we have altered the 

interaction design to toggle between connected and disconnected states when two edges of 

inspector pads were contacted.  Vertical edges of the inspector pads were used as an input 

and output port of the selected property, and by contacting these edges together, a link was 
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made (or destroyed) between them if the selected properties were compatible.  The same 

method was used for connecting keypads and inspector pads (see Figure 5-17). 

Figure 5-18 shows an example of connecting properties of two components.  The 

visibility property of a virtual fish is connected to the same property of a physical paddle, 

making the fish disappear when the paddle is hidden by the user’s hand. 

 

Figure 5-18 Connecting and disconnecting component properties in iaTAR 
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Simple animations of a virtual object can be specified by connecting virtual object 

properties to a logic box component representing motions.  Figure 5-19 shows an 

example virtual scene with a windmill augmented on a sheet of paper.  The vane of the 

windmill is animated to spin around by connecting a ‘motor behavior’ logic box to its 

orientation property.  The ‘RPM (revolutions per minute)’ property of the logic box was 

adjusted with the keypad prop to specify the spinning speed. 

 

Figure 5-19 Tangible AR scene with a windmill animation 

Specifying motions of a virtual object by connecting their properties to logic box 

components are useful for describing simple regular motions that are repeated with 

patterns.  However, irregular free form motions are hard to describe in this way.  Under 

this notion, iaTAR was designed to support another way to specify virtual object motions, 

utilizing 3D direct manipulations.  The authoring system supports a motion capturing 
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function, so that the directors could record the motion of a virtual object while they 

manipulate the virtual object and demonstrate its desired movement. Figure 5-20 shows 

how a director captures the motion of a virtual fish using the recorder prop.  The prop 

looks similar to a video cassette recorder with record, play and rewind buttons.  By 

operating this prop, directors can control the recording process and play back the recorded 

motion. 

 

Figure 5-20 Recording a motion of a virtual object in iaTAR 

Synchronizing the motions of multiple virtual objects is easily achieved by manipulating 

multiple virtual objects during the recording process.  Directors can use a pair of 

manipulator props at the same time to record their motions as shown in Figure 5-21.  

However, manipulating more than two objects is impossible for a single user.  Therefore, 
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directors must be able to synchronize a newly recorded motion with the formerly recorded 

one. For this, the system is designed to play back formerly recorded motions while 

recording.  Directors can review the formerly recorded motion and start recording at the 

point where the new motion must begin.  In this way, directors can add and combine new 

motions, synchronized with previously recorded ones. 

 

Figure 5-21 Recording synchronized concurrent motions in iaTAR 

In addition to providing exocentric viewpoints, AR storybooks (as described in [4]) also 

provide immersive tour into the virtual world content.  In iaTAR, this function is 

provided by using the navigation bar prop.  Users can hold the navigation bar and point 

on the virtual scene s/he wants to wander within.  Changing into the immersive mode, 

users can see the content as if s/he is within the content and they can move around the 

immersive virtual environment by pointing to the direction they want to go, using the 

navigation bar.  Moreover, directors can also tweak the virtual environment within the 

immersive mode using the authoring props, for example, they can reposition a virtual 

object using the manipulator.  After finishing the immersive tour into the content, the user 
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can switch back out to the augmented reality mode by flipping around the navigation bar, 

making the backside of the navigation bar to show up.  Figure 5-22 shows a sequence of 

images where a user changes into the immersive mode, moves around within the virtual 

scene, modifies the content with the manipulator tool, and then switch back to the AR 

mode. 

 

Figure 5-22 Switching between AR and immersive VR mode in iaTAR 

The results of immersive authoring are needed to be saved into a file system.  For this 

purpose, the authoring system provides the archive manager prop.  The constructed 

virtual world can be saved into a XML styled script TARML (see Appendix A) for later 
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use.  The scripts are represented as numbered archives in the archive manager, and the 

user can choose the archive number and save to or load from the selected archive (see 

Figure 5-23). 

 

Figure 5-23 Loading and saving the constructed content in iaTAR 

5.5.3. Implementation 

The iaTAR system is implemented on a consumer level personal computer.  The 

computer runs Microsoft Windows XP operating system on a Pentium 4 processor with 

1GB main memory.  A graphics card (nVIDIA GeForce4) with hardware 3D acceleration 

function is used for the OpenGL graphics processing. 

The iaTAR system uses a custom 3D model loader and scene graph rendering engine, 

based on the OpenGL library, to visualize the 3D graphics contents and the virtual 

authoring tools.  For tracking physical objects, we use a vision based tracking method.  

A plain USB web camera from Logitech acquires live video stream, and the ARToolKit 

[42] software library calculates the 3D position and orientation of the visual markers in the 

video image.  The capturing resolution of the camera is set to 320x240 and the shutter 

speed is 30 frames per second.  The camera is mounted on a head mounted display to 

provide a real world view to the user, forming a video see-through AR configuration. 



 66 

For the button pressing interactions on a prop, the authoring tool uses a low cost AR 

interaction paradigm called the occlusion-based interaction, developed by the author, in 

which visual occlusion of physical markers (by user’s fingers usually) are used to provide 

intuitive two or three dimensional interaction with tangibility.  Figure 5-24 illustrates a 

simple application of occlusion-based interaction where a marker pattern occluded by the 

fingertip triggers a button-pressing event.  The basic principle can be applied to design a 

variety of tangible interfaces such as menus, buttons, slider bars, keypad, and even 3D 

object manipulation.  For a more detailed description of this technique, the readers are 

referred to [16]. 

 

Figure 5-24 A Tangible AR button using the occlusion-based interaction method 

To make the interaction easier for selecting components with the manipulator and 

inspector pads, bounding boxes are visualized around the component objects, and their 

colors are changed according to their status: green for normal, orange when pointed and 

red on selected.  These bounding boxes and the logic box components are only shown 

when there are authoring props within the user’s view. 
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Chapter 6. User Study 

To validate the advantages of immersive authoring method, and to clarify the usability of 

implemented immersive authoring systems, user studies are unavoidable.  Before we go 

into the details of the user study, we first indentify expected advantages of immersive 

authoring method.  Expected advantages can be grouped into two: efficiency and 

effectiveness. 

By efficiency, easiness in learning and using the method can be thought, as well as lesser 

authoring time.  The feature of easy to learn and use the proposed method is especially 

important for the users with non-technical background.  Since one of the main purposes 

of the immersive authoring is to offer the driving power in producing VR contents to artists 

and content producers, the proposed method must be easy enough to be learnt and used by 

those with non-technical background.  Taking lesser authoring time is another 

representative measure of efficiency.  Two main factors reduce authoring time in 

immersive authoring.  One is by eliminating the time for switching between the authoring 

and testing environment, and the other is by taking advantages of direct manipulation in 

three-dimensional spatial tasks.  The author performed a user experiment to validate these 

benefits and the results are described later in this chapter. 

The quality of resulting virtual world contents produced by the authoring system is one of 

the representative indicators for its effectiveness (or productivity).  One of the 

well-known quality measurements for virtual environments is ‘presence’.  However, 

quality of a virtual world, including presence, is subjective measures and thus it is hard to 

provide objective measures.  Moreover, while discussing on the effectiveness of an 

authoring tool, it is not enough to argue with a small number of cases and results from a 

short-term study.  The productivity of an authoring tool might be recognized by the users 
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after having sufficient experiences using and working with the tool for creating numbers of 

practical contents, and this takes a long term of time.  Unfortunately, there is no such 

comprehensive study available yet, however, in this thesis, the author presents some case 

studies, instead. 

6.1. Authoring case study 

Although it is hard to show numerous results from a lengthy study in this thesis, the author 

presents some cases of virtual world authoring experience that gives a glimpse on 

productivity and effectiveness of the proposed immersive authoring systems. 

6.1.1. PiP 

Two interactive virtual worlds have been built for testing and demonstrating the benefits of 

immersive authoring using PiP.  One is the “Undersea World” in which various types of 

fishes swim and interact in different styles, and the other is an interactive VR story named 

“Romancing the Stone.” 

In the “Undersea World,” the initial static scene was given by a quick editing of a PiP 

script, in which a number of non-moving fishes are scattered in the 3D space (this was 

done for convenience sake, even though pre-modeled objects can be created, destroyed and 

placed at different locations through 3D interaction as well).  The two major objects in 

this virtual world were the fish and the food.  There were four types of fishes, differing in 

their appearances with pre-modeled 3D geometric models (see Figure 5-7 to Figure 5-9).  

As also illustrated in the previous sections, the fishes were assigned with different 

behaviors through physical interaction, including the “eat-food-if-found,” 

“move-forward-and-avoid-collision,” “flee-upon-touch,” and others.  For instance, the 

“move-forward-and-avoid-collision” action was specified through setting a spatial context 

region in front of the fish, and making the fish turn away if another object was in that 

region.  As aimed, all of the behaviors were modeled and tested iteratively within the 
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virtual environment without going back to use the usual 2D programming environment. 

The second example illustrates how PiP can be effective in creating of interactive VR 

adventures.  Starting with some basic pre-modeled objects and initial scenes, a first 

person viewpoint interactive adventure can be authored at a whim of the user very easily, 

as whatever pops into the director’s mind.  The virtual world named “Romancing the 

stone” is a simple interactive game, in which the player (the final user) is to overcome 

obstacles to acquire jewels, not get killed in the way, and reach the final destination (see 

Figure 6-1).  Fifteen pre-made objects were used and four initial scenes were given as a 

start. 

 

Figure 6-1 Scenes from the interactive VR adventure: “Romancing the stone” 
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In the first scene, the user faces two doors (upper left of Figure 6-1), one connected to a 

room with jewels and another to a pitfall with a monster in it, where the user is doomed to 

die.  One of the typical behaviors in an interactive game is change of scenes upon user 

selection.  The director can demonstrate this behavior by “touching” a door to specify the 

event that triggers an action to transport the user to the designated room.  The transport 

action is given by using the menu items that allows the user to switch between different 

scenes. 

When the player chooses the right door, the room with jewels appears (lower left of Figure 

6-1).  Inside the room, a number of jewels are scattered on the floor, and the player is to 

collect the jewels and place them at a specific place within the room in a given time limit.  

Ducks, wandering in the room, swallows the jewels, while the player can have the duck 

spit out the jewel by beating it with his (or her) hand.  If the player accomplishes the 

given task in time, s/he finally enters the last scene where a big crown jewel is presented 

(lower right of Figure 6-1), otherwise, the player is descended into the pitfall and the game 

ends. 

All object behaviors run concurrently in PiP, while timer events can be used to coordinate 

and synchronize different object behaviors.  In this example, a timer event is set through 

the timer widget, available on the menu, so that upon this time event, an appropriate set of 

actions can be triggered to check if the user has accomplished the task and move on to the 

final presentation room. 

It only took about an hour to author and validate the entire content, excluding the time for 

geometric modeling of the objects. 
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6.1.2. iaTAR 

The first example content built with the iaTAR system is a simple scene with a windmill 

(see Figure 5-19).  The scene consists of three virtual objects: the ground, a tower and a 

vane.  It took about a minute to place the virtual objects and check that every thing was 

placed in the right place.  A logic box representing a rotation behavior was used for 

specifying the vane to spin around.  It took less than 3 minutes to construct the whole 

scene, connect the properties to define the behavior, and to validate the final product. 

In the second example, interactive features were added to the content.  Figure 6-2 shows a 

sequence of images, constructing an interactive Tangible AR content similar to the Shared 

Space application [3].  This example content shows two tiles with a virtual object on each, 

a hare and a tortoise.  The user can examine the virtual objects by manipulating the tiles 

on which they are anchored.  When two tiles are brought close together, the scene is 

changed and the hare and the tortoise greet each other (see the last row of Figure 6-2). 

To build this content, four virtual objects were needed: the normal and greeting posed 

models for the hare and tortoise.  First, the virtual objects were placed on two physical 

tiles, one for the hare and another for the tortoise.  The visibilities of the virtual objects 

were controlled by the proximity value of the physical tiles.  In order to check the 

distance and to control the visibilities, we used a logic box with a function calculating 

proximity.  The logic box had two input properties of position, and Boolean valued output 

properties, named ‘near’ and ‘far’, representing whether the two input positions were close 

enough or not.  By connecting the position properties of the two tiles to the logic box 

input, and the ‘near’ and ‘far’ properties of the logic box to four virtual objects’ visibility, 

properly, the authoring was completed.  Only about 5 minutes were needed for building 

and testing the whole content. 
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Figure 6-2 Authoring an interactive card matching content in iaTAR 

The last example content authored with the iaTAR system is an AR storybook application, 

similar to the MagicBook [4] (see Figure 6-3).  The story for this content was chosen 

from one of the popular stories of Aesop, ‘The race between a hare and a tortoise.’  The 

story consists of three main scenes: starting the race, the hare taking a nap and the tortoise 

winning.  To add interactivity to the story line, we made a decision point on the second 

scene to let the users choose whether the hare should sleep or not.  According to the 

user’s decision, the winner on the last scene would be determined differently. 
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Thirteen pre-modeled 3D objects were brought in and three sheets of paper with printed 

markers were used as the book pages.  To implement the interactive feature, the director 

used occlusion-based interaction properties of physical object components: a set of 

Boolean valued properties indicating which button (i.e., marker) was pressed (for the last).  

These properties were connected to the visibility of the characters placed on the final scene, 

selecting different endings of the story according to the user’s decision.  It took about 15 

minutes to construct the scenes and to connect object properties for implementing the 

interaction. 

 

 

Figure 6-3 Tangible AR interactive storybook 
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6.2. User experiment 

To validate the postulated advantages of immersive authoring, the author performed a 

formal usability experiment.  The main purpose of the experiment was to show efficiency 

of the immersive authoring method in comparison to conventional development methods.  

Under this purpose, the experiment was designed to collect performance data while 

subjects author immersive content according to the given specifications.  The immersive 

authoring tool used for the experiment was the iaTAR system, and for the counterpart 

conventional development method, the author chose scripting on a desktop computing 

environment.  TARML, an XML based script language, was used for representing 

Tangible AR content with scripts.  The full specification of TARML is available in 

Appendix A. 

While 2D GUI tools were also considered as a counterpart, there were no such tool 

available, yet, which uses the same virtual world model with iaTAR; the author concluded 

that the authoring tools under comparison might, at least, have the same content model, so 

that the experiment could be balanced.  Although 2D GUI tools are not directly compared 

to iaTAR in this thesis, the author notes that a previous study [17] with informal direct 

comparisons has partially demonstrated similar results with this experiment. 

In this experiment, our main hypothesis is that the immersive authoring would be 

significantly more efficient, with less overall authoring time (particularly for tasks with 

spatial impact), and be more natural and easy to use compared to the desktop counterpart.  

To put it more precisely, the followings are the three hypotheses we are investigating in 

this experiment: 

Hypothesis I. Immersive authoring method is significantly efficient in authoring immersive 

contents in comparison to conventional development method. 
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Hypothesis II. Immersive authoring method is significantly more efficient on spatial 

authoring tasks than on non-spatial tasks. 

Hypothesis III. Immersive authoring method is significantly easier to use and learn in 

comparison to conventional development method. 

6.2.1. Experimental design 

The main structure of the experiment was designed as a two-factor within-subject 

experiment.  The independent variables were the type of the authoring system used 

(iaTAR or TARML) and the type of authoring tasks involved (spatial and non-spatial).  

Authoring with the iaTAR system represented the use of immersive authoring method, and 

scripting with TARML represented the use of a conventional development method.  The 

major dependent variables were the task completion time and the usability survey answers.  

The task assigned to the subject was to construct content that satisfied a given set of 

requirements, using the particular authoring system.  The subjects were given as much 

time to finish the task as needed, but were instructed to complete the task as quickly and as 

accurately as possible. 

The experimental procedure for a participant consisted of two sessions: the training session 

and the experimental session.  During the training session, which took about an hour, 

participants learned the basic concepts of Tangible AR content and the respective 

authoring methods using iaTAR and TARML.  Note that the syntax for the TARML 

scripts was sufficiently simple and easy to learn and use, especially for our subject group 

who had engineering backgrounds (see section 6.2.2 for detail information on the subject 

group).  In addition to the detailed briefing, the subjects practiced with each authoring tool 

by constructing sample Tangible AR content. 

In the experimental session (which followed the training session after a short break), the 
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subjects had another practice trial of authoring Tangible AR content, in order to help them 

recall the authoring methods after the break.  After the practice trial, the subjects were 

asked to author six different types of Tangible AR content according to a given 

specification using both authoring methods.  The order of the authoring methods used and 

the order of the six types of contents for each participant were counter-balanced.  The 

experimental session took approximately one and a half hours.  The overall experimental 

process is shown in Table 6-1. 

Table 6-1 Experimental procedure 

Sessions Detail tasks Time 

Subject feature survey questionnaire 5 min. 

Instruction: Overview of Tangible AR content 10 min. 

Instruction: Tutorial on TARML 5 min. 

Practice: TARML 15 min. 

Instruction: Tutorial on iaTAR 5 min. 

Practice: iaTAR 15 min. 

Training 

(1 hour) 

Post-training survey questionnaire 5 min. 

break Take a rest 5 min. 

A practice trial for both iaTAR and TARML with a 
particular content specification 

6 trials for both iaTAR and TARML with particular 
content specifications 

Experiment 

(1.5 hour) 

Post-experiment survey questionnaire 

Approx. 90 min. 
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During the experimental session, to prevent any possibility of the subjects being unduly 

guided by the experimenters in any way, the subjects were not allowed to ask questions 

about how to use the authoring interfaces.  Instead, the participants were allowed to use 

the user guide document freely for reference, which was provided at the training session.  

The experimenter was allowed to help the subject only when the subject got “lost” (e.g., 

not knowing what to do even after looking up the user guide) and it was determined that 

they had spent too much time on a particular subtask, i.e., more than one minute.  In most 

cases, users knew exactly what to do, but had forgotten the exact syntax (for TARML 

editing), or how to perform certain operations (for immersive authoring).  One minute was 

deemed approximately the right amount of time, based on our prior observation, to resolve 

such a problem in authoring.  Any extra time spent due to help was subtracted from the 

task completion time.  In this way, a provision was made so that the overall performance 

data was not severely biased by a few such outliers. 

The requirement specification sheet was provided and explained by the experimenter at the 

beginning of each trial.   The subject was asked to build the content described in the 

requirement specification sheet as quickly and accurately as possible.  The subjects were 

allowed to refer to the requirement specification sheet and to ask questions to the 

experimenter about it whenever needed.  In addition, the experimenter also periodically 

read out the requirements for the participant to remind the subject what to do next.  Such a 

procedure was needed because when using the immersive authoring method, the subjects, 

wearing the head mounted display (HMD), sometimes could not read the specification 

document, due to the narrow field of view and low resolution of the display used. 

There were six experimental trials, each with a different requirement specification sheet.  

Table 6-2 shows two example requirement specifications, one spatial and the other 

non-spatial, used in the experiment.  In each trial, participants used both immersive and 

script editing authoring methods, in order to build the same content twice.  Three trials 
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included only spatial tasks, and the other three trials only non-spatial tasks. 

Table 6-2 Sample requirement specifications used in the user experiment 

Spatial tasks Non-spatial tasks 

0. Use page1 to construct a scene on. 

1. Place the terrain (Models/underhill.obj) 
on page1. 

- The terrain must be parallel to page1 

- The hilltop must be on the right side. 

- Scale it up to fit the size of page1. 

2. Place the tree (Models/tree.obj) 

- Place it on the hilltop. 

- Be sure the tree is neither floating over 
nor buried under the ground. 

- The flat side of the tree must face to the 
road on the hill. 

3. Place the rabbit (Models/ rabbit.obj) and 
the turtle (Models/ turtle.obj) 

- Both of them are at the left front end of 
the road, under the hill 

- The rabbit is on the left to the turtle 

- Both of them are facing front while 
slightly turned to face each other. 

0. A scene will be provided including the 
following objects. 

- Two physical cards (Markers/card1.dat 
and Marker/card2.dat) are used. 

- Two models of rabbit in different poses 
are placed on the first card and two models 
of turtle in different poses on the other card. 

- A logic object with a function of checking 
distance is provided. 

1. Connect the ‘position’ properties of both 
cards to ‘input position 1’ and ‘input 
position 2’ properties of the logic object. 

2. Connect the ‘far’ property of the logic 
object to the ‘visible’ property of the rabbit 
standing upright. 

- Do the same to the turtle standing upright. 

3. Connect the ‘near’ property of the logic 
object to the ‘visible’ property of the rabbit 
with its hands up. 

- Do the same to the turtle with its hands up. 

4. Change the value of the ‘threshold’ 
property of the logic object into 100. 

 

In the trials with spatial tasks, the participants were asked to build an AR scene, such as in 

Figure 6-3, positioning and orienting four virtual objects, and scaling one of them.  To 

help the subjects make use of their spatial perception, spatial properties (i.e., positions, 

orientations and scale factors) were described in a relative manner, and not by specific 
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values or numbers.  In addition, a sample picture of the final scene was shown to help the 

subject understand and remember the scene to be constructed.  In the trials with 

non-spatial tasks, the subject began with a particular pre-modeled virtual scene.  Using the 

virtual objects in the particular virtual scene, the subjects were asked to make dataflow 

links and to change object properties to a specific value.  As it was with the spatial task 

specifications, the task amounts were also balanced between the non-spatial task 

specifications; each specification included six dataflow links and one property value to be 

set. 

To measure the user performance, task completion time was recorded for each trial, for 

each authoring method.  The number of times the participant referred to the user guide, 

and the number of times the participant got lost with the interface were also counted.  The 

period of time the subject got lost (looking at the user guide for more than a minute and/or 

not knowing what to do) was subtracted from the task completion time, as already 

mentioned previously. 

Subjective measurements were also collected with questionnaires at the end of the training 

and experimental session.  At the end of the training session, the participants were asked 

to rate how easy the given authoring method was to learn.  At the end of the experimental 

session, they were asked to rate how easy the given authoring method was to use, and how 

confident they were with the content they built using each authoring method.  Ratings 

were given on a Likert 7-point scale (0: very difficult/unconfident, 3: neutral, 6: very 

easy/confident).  Other subjective opinions, such as user preference and the strengths and 

weaknesses of the authoring methods were also collected. 

6.2.2. Experimental setup 

The experimental environments for script editing and immersive authoring are shown in 

Figure 6-4.  A desktop computing environment (using a 2D display, keyboard and mouse) 
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was provided for the script editing method.  Because the target content to be built was an 

AR based content, a camera was set up on a fixture stand for testing the content script.  

The user was allowed to change the camera location freely if needed.  For the immersive 

authoring configuration, we used the iaTAR system.   The interface of the iaTAR system 

consisted of an HMD with a camera attached in front, in order to provide a video 

see-through functionality, and tangible props that were used as authoring tools. 

 

Figure 6-4 Experimental environments: script editing (left), immersive authoring (right) 

While one can also edit a script within an immersive environment, we used a conventional 

desktop computing configuration to avoid usability problems that might occur when using 

a HMD interface, which usually has low video resolution and narrow field of view for 

displaying text information.  Until now, conventional desktop computing environment is 

known to be the best configuration for manipulating text information, and therefore we 

chose it instead of other configurations that are not verified and not common. 

Twelve graduate and undergraduate students with engineering backgrounds participated in 

the experiment.  The age of the participants ranged from 19 to 26 and they all had 

sufficient typing skills for script editing (typing an average of 242 characters per minute).  

Half of the participants were taking the VR class at the computer science department.  



 81 

Thus, they had brief experiences (approximately 3 months) in VR system development.  

The other half did not have any experiences on virtual reality system development nor 3D 

graphics programming.  The two groups showed no statistically significant difference in 

age and typing skill with ANOVA test (α = 0.05), although, the group taking the virtual 

reality class turned out to have more experience in using programming languages (C/C++ 

or JAVA).  Table 6-3 summarizes the features of the participants. 

Table 6-3 Features of subjects in the user experiment 

Features All subjects 
VR class 

subject group 
non-VR class 
subject group 

ANOVA 
between groups 

Number of subjects 12 6 6 - 

Gender All male All male All male - 

Age 
(years on average) 

22.2 
(SD=2.04) 

22.5 
(SD=1.76) 

21.83 
(SD=2.40) 

F(1,10)=0.301 
p = 0.5954 

Experience with 
C/C++ or JAVA 

(years on average) 

2.8 
(SD=1.80) 

4.3 
(SD=1.03) 

1.25 
(SD=0.61) 

F(1,10)=39.566 
p < 0.0001 

Experience with 
HTML 

(years on average) 

2.2 
(SD=2.04) 

3 
(SD=2.45) 

1.3 
(SD=1.21) 

F(1,10)=2.232 
p = 0.1660 

VR (or 3D graphics) 
system development 

experience 
- 

All about 3 
months 

All not at all - 

VR system (or 3D 
game) experience 

- 
All more than 

5 times 

Varies from not 
at all to more 
than 5 times 

- 

Typing skill 
(characters per 

minute on average) 

242.4 
(SD 

=78.89) 

268.7 
(SD=84.19) 

216.2 
(SD=70.35) 

F(1,10)=1.374 
p = 0.2683 

* SD: standard deviation 
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6.2.3. Experimental results 

In order to investigate the Hypotheses I and II, we have conducted a series of one-way 

within subjects ANOVA for comparing users’ task performances between iaTAR and 

TARML.  All of the tests were held with an alpha level of 0.05.  While the two 

hypotheses could be investigated with a single two-way ANOVA test on task completion 

time over two independent variables (i.e., the authoring tools and task types), this was 

avoided since it would introduce biased results due to the differences in the amounts of 

task carried out.  That is, the task amounts were only balanced between the same task 

types, and thus it would be unfair to compare the task completion time, directly, between 

spatial tasks and non-spatial tasks.  As an alternative, we introduce an efficiency factor for 

the immersive authoring method, and compare this over different task types with a separate 

one-way ANOVA test. 

First, to validate the overall efficiency of the immersive authoring (Hypothesis I), the total 

task completion time for authoring all six types of contents using each method was 

compared to each other.  The average total authoring time spent using iaTAR was 27 

minutes 43 seconds, and for TARML, 38 minutes and 37 seconds.  The ANOVA revealed 

a statistically significant difference with F(1,11) = 37.20 and p < 0.0001.  That represents 

about 28% of time saving when iaTAR is used in comparison to TARML.  According to 

this result, we can conclude that the Hypothesis I is valid.  See appendix B.1 for detail 

results of the ANOVA test. 

As described earlier, in order to assess if iaTAR is indeed more efficient for spatial tasks 

(Hypothesis II), we compared the efficiency factor of the immersive authoring method 

according to the task group: spatial and non-spatial.  The efficiency factor E of iaTAR 

(over TARML) for a given task was defined in the following way: 

E(task) = T(iaTAR, task) / T(TARML, task) 
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where T(x, y) is the time spent for completing task y with the authoring tool x.  We 

applied ANOVA with the efficiency factor for each task group as the dependent variable.  

As a result, the efficiency factor of iaTAR over TARML turned out to be significantly 

greater (F(1, 11) = 115.2647; p < 0.0001) for the spatial task (mean = 0.5060; standard 

deviation, SD = 0.1130) than for the non-spatial (mean = 1.1764; SD = 0.2461).  Hence, 

we can conclude that the Hypothesis II is valid as well. 

Our results so far appear to indicate that iaTAR is more efficient for spatial tasks than for 

non-spatial tasks.  To confirm this further, we investigated if the actual amount of time 

that iaTAR spent on non-spatial tasks was significantly more than that for spatial tasks: we 

directly compared the task completion time of iaTAR over TARML for each task group. 

First, we compared the task completion time between iaTAR and TARML, only with the 

spatial tasks.  As expected, the iaTAR clearly took shorter amount of time for the spatial 

authoring tasks (see Table 6-4).  The total time spent for completing the spatial authoring 

tasks using TARML (25 minutes 12 seconds on average) was approximately twice as much 

as that of when using iaTAR (12 minutes 13 seconds on average), which was a significant 

difference under the ANOVA test (F(1,11) = 99.94; p < 0.0001). 

However, for non-spatial authoring tasks, iaTAR turned out to be inefficient compared to 

TARML (see Table 6-4).  With iaTAR, it took about 13% longer for subjects (15 minutes 

12 seconds on average) to complete the non-spatial tasks, compared to TARML (13 

minutes 24 seconds on average), and the difference was statistically significant (F(1,11) = 

6.20; p = 0.0301).  While iaTAR took longer with the non-spatial authoring tasks, the 

difference with TARML was not as large as that of the case with the spatial authoring task 

where iaTAR outperformed twice over TARML as mentioned earlier.  We discuss this 

result further in section 6.2.5.  Figure 6-5 shows the total tasks completion time according 

to the task groups in a graph.  See appendix B.2 for detail results of the ANOVA test. 
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Table 6-4 Experimental result: Total task completion time 

 iaTAR TARML ANOVA 

Total task completion time 
27:43  

(SD = 5:10) 
38:37 

(SD = 7:44) 
F(1,11) = 37.20 
p < 0.0001 

Completion time for  
spatial tasks 

12:31 
(SD = 2:50) 

25:12 
(SD = 4:47) 

F(1,11) = 99.94 
p < 0.0001 

Completion time for  
non-spatial tasks 

15:12 
(SD = 2:37) 

13:24 
(SD = 3:28) 

F(1,11) = 6.20 
p = 0.0301 

* Time in ‘minute:second’ format.  SD: standard deviation 

 

 

Figure 6-5 Experimental result: Total task completion time 

While we only described the comparison of total task completion time for assessing 

Hypothesis I and II, so far, the comparison of the average task completion time of all six 

trials showed similar results, as well.  The iaTAR showed better user performance by 

saving 28% of average task completion time; the average task completion time for 

TARML was 6 minutes 26 seconds (SD = 2 minutes 40 seconds), while for iaTAR was 4 

minutes 37 seconds (SD = 1 minute 22 seconds).  The results on the difference between 



 85 

two authoring methods for each task group were similar to the results with total task 

completion time, as well.  With spatial tasks, iaTAR out performed about twice in 

comparison with TARML, and for non-spatial tasks iaTAR took slightly more time.  The 

results are summarized in Table 6-5.  See appendix B.3 for detail results of the ANOVA 

test. 

Table 6-5 Experimental result: Average task completion time per trial 

Task group iaTAR TARML ANOVA 

Spatial tasks 4:10 (SD = 1:14) 8:24 (SD = 2:00) 
F(1,10) = 132.28 

p < 0.0001 

Non-spatial tasks 5:04 (SD = 1:12) 4:28 (SD = 1:32) 
F(1,10) = 14.86 

p = 0.0032 

* Time in ‘minute:second’ format.  SD: standard deviation 

 

To assess the usability (i.e., ease of use and learning, namely the Hypothesis III), we 

compared the subjective ratings collected with the questionnaire asking how easy iaTAR 

or TARML was to learn and use.  Based on the results of subjective ratings, no 

statistically significant differences were found between iaTAR and TARML (α = 0.05; see 

Table 6-6).  For instance, iaTAR was only marginally easier, strictly speaking, to learn 

than TARML, with the p-value = 0.067.  However, according to the results of debriefing, 

this appears to be mainly because of the relatively low quality of the device and sensing 

accuracy rather than from the method itself (see section 6.2.4).  On the other hand, while 

the syntax of the language might have taken the users some time to learn, the interface for 

script editing (i.e., desktop interface) was already quite familiar to most users.  See 

appendix B.4 for details of the ANOVA test result. 
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Table 6-6 Experimental result: Subjective ratings 

Questions iaTAR TARML ANOVA 

Easy to learn 4.50 (SD = 1.168) 3.92 (SD = 1.240) 
F(1,11) = 4.11 

p = 0.0674 

Easy to use 4.08 (SD = 0.996) 4.25 (SD = 1.138) 
F(1,11) = 0.17 

p = 0.6887 

Confident with 
authoring results 

3.92 (SD = 1.165) 4.50 (SD = 0.905) 
F(1,11) = 3.01 

p = 0.1106 

* Ratings in Likert 7-point scales (0: very difficult/unconfident, 3: neutral, 6: very easy/confident) 
* SD : standard deviation 

 

In order to assess the Hypothesis III further, we compared the number of times subjects 

referred to the user guide document.  Subjects referred to the user guide document 3.9 

times on average (SD = 3.55) when using TARML, whereas they never needed to do so for 

iaTAR.  Subjects with VR backgrounds only used the guide 1.8 times (SD = 1.33) on 

average, whereas those with no VR background used it 6 times (SD = 3.95).  This 

demonstrates the obvious fact that there is a mental skill factor involved with using the 

conventional programming approach.  It is desirable to eliminate such an obstacle as much 

as possible for non-technical content developers such as artists. 

Another indication of the authoring efficiency, or ease of use and learn, can be observed 

from the number of times the subjects got lost when using the respective authoring 

methods.  Two users (both not from the VR class) got lost two times each when using 

TARML.  They reported that they had gotten lost due to the confusion with the TARML 

grammar and problems with perceiving rotations in the three-dimensional space. 

In order to investigate another aspect of usability, the author compared the performance 

according to the participants’ background knowledge (i.e., the virtual reality development 
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experience).  The average of task completion time for each trial was used as a dependent 

variable, and for the independent variables the author used the authoring tool and the group 

of participants (one group those who took the virtual reality class and the other who did 

not), both in nominal scale (category variable) with two levels.  Since the trials with 

spatial tasks and non-spatial tasks were not balanced in their task amount, the results of the 

analysis are collected separately between two task types.  Figure 6-6 shows the average 

task completion time per trial according to the authoring methods for each subject group.  

No statistically significant difference (α = 0.05) was found between the subject groups with 

regard to the task performance for both spatial and non-spatial authoring tasks.  This result 

can be thought as another indication that iaTAR is easy enough to learn and use for those 

without background knowledge on VR technologies and 3D authoring tasks. 

 

Figure 6-6 Comparison of average task completion time between participant groups 

Besides, with non-spatial tasks, a statistically significant interaction between the subject 

group and authoring methods was found (F(1, 10) = 16.37; p = 0.0023).  From this, we 

can posit that the background knowledge on VR development gave an advantage when 

using the conventional authoring method (i.e., TARML).  We believe that this resulted 

from their prior expertise and experience in content development, especially dealing with 
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3D transformations and describing them with a computer language (such as scripts).  And 

although it did not appear statistically significant (F(1,10) = 4.45; p = 0.0611), a similar 

trend was found with the spatial tasks as well.  See appendix B.3 for detail results of the 

ANOVA test. 

6.2.4. Debriefing 

At the end of the questionnaire, participants were also asked to write down their opinions 

on strengths and weaknesses of each method, freely.  The reported opinions are 

summarized in Table 6-7 with a number of participants who mentioned it.  Although it is 

hard to say their statistical significance (since they were collected in informal descriptions), 

the results briefly suggests some recognizable points that should be considered in 

immersive authoring systems. 

According to the reports, the most prominent strength of iaTAR turned out to be its 

easiness in placing and manipulating virtual objects in three dimensional space, while most 

(actually all, except the top most mentioned one) of the reported weakness of TARML 

related to its tiresome trial-and-errors during placing virtual objects.  On the other hand, 

the top two of the reported strengths of TARML were related to its prominence in 

assigning exact numerical values to object properties, while the unavailability of fine 

positioning (implying assigning exact values to the properties related to their pose) were 

mentioned most as a weakness of iaTAR.  Other minor opinions also suggested some 

valuable points for improving the iaTAR system, such as introducing undo and copy-paste 

functions. 

On the question asking their inconvenience while using iaTAR , most of the participants 

answered the narrow field of view of the video see-through head mounted display, 

suggesting that there are needs for improvements in hardware devices.  Inconvenience 

with the repeated trial-and-errors was mentioned most in using TARML, which is hard to 
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make improvements due to its nature.  However, the situation might be improved a bit if 

the users could edit scripts on a head mounted display (leaving out its usability problems) 

and check the results instantly, while this is also considered as one of the approaches in 

immersive authoring, the virtual desktop interface approach.  Table 6-8 summarizes the 

answers from participants. 

Table 6-7 Debriefing results: Strengths and weaknesses of each method 

Questions Answers 
Number of 
participants 

Easy when placing virtual objects 7 out of 12 

Easy to learn 5 out of 12 
Strengths of 

iaTAR 
Can check the results instantly (concurrently) 3 out of 12 

Coarse object positioning (fine tuning not available) 7 out of 12 

Tracking lost 3 out of 12 

Narrow field of view 2 out of 12 

Inconvenience in changing property values 2 out of 12 

Weaknesses 
of iaTAR 

Undo function unavailable 1 out of 12 

Easy to assign exact values to the property 6 out of 12 

Fast when given exact specification values 4 out of 12 

Copy and paste function available 1 out of 12 

Strengths of 
TARML 

Easy syntax 1 out of 12 

Need to learn grammars (relatively not easy to learn) 6 out of 12 

Repeated trial-and-errors when placing objects 5 out of 12 

Need to reload the script after editing 2 out of 12 

Weaknesses 
of TARML 

Hard to perceive rotations in three-dimensional space 1 out of 12 
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Table 6-8 Debriefing results: Inconvenience with each method 

Questions Answers 
Number of 
participants 

Narrow field of view 10 out of 12 

Unclear focus with HMD 4 out of 12 
Inconvenience 

with iaTAR 
Depth perception problem 1 out of 12 

Repeated trial-and-errors 6 out of 12 Inconvenience 
with TARML Three-dimensional space perception 1 out of 12 

 

Finally, the participants were asked with their preference on the authoring methods.  

None of them chose to use only one method, but they chose to use them together.  They 

mentioned that direct manipulation with iaTAR would be useful with spatial tasks, such as 

constituting the overall scene, while editing TARML script would help with fine tuning the 

property values and other logical (or non-spatial) tasks such as linking objects. 

6.2.5. Discussion 

According to the results of the user experiment, we can conclude that there are significant 

evidences for the Hypotheses I and II.  That is, using the immersive authoring tool was 

efficient in comparison to using conventional development method, with approximately 

30% reduction in time to complete the given authoring task.  This was because immersive 

authoring yielded twice the performance in comparison to the conventional authoring 

method for spatial tasks, while exhibiting comparable performance for non-spatial tasks. 

Also note that, in an actual use of the conventional desktop authoring method, the user 

would have to change to an “execution” mode and “wear” the system (e.g., wear the HMD 

and the associated sensors) to test the resulting content, which is a time consuming and 

bothersome process.  Such a factor was not even included in assessing the non-immersive 
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authoring time.  Thus, it can be predicted that the overall authoring and testing time will 

be much shorter with immersive authoring, even for the non-spatial tasks. 

Finally, iaTAR demonstrated no marked difference in ease of learning and use in 

comparison with TARML editing, which employs one of the most familiar interfaces, 2D 

editing (a similar argument can be extended for 2D GUI also).  Although the results of 

subjective ratings demonstrated no statistical difference between the two, the number of 

times participants referred to the user guide document and the number of times participants 

got lost during the experiment provide indications of higher usability for iaTAR even for 

non-logical tasks.  Noting that the most inconvenience in using the iaTAR was caused by 

imperfect devices (e.g., wired sensors and low resolution HMD), we anticipate that higher 

quality equipments will significantly improve the usability of iaTAR. 

Subject debriefing also reflected the preceding analysis results.  Although these informal 

results do not have any statistical significance, they still raise enough important issues, in 

the context of the quantitative results, to be considered when designing and evaluating 

immersive authoring systems.  Most subjects reported that the ease of configuring objects 

in 3D space was the foremost merit of iaTAR and the ability to specify exact values was 

the foremost merit of TARML.  The users of iaTAR complained about the standard AR 

related usability problems, such as the narrow field of view, degraded depth perception, the 

difficulty with continuous tracking and the inability to specify exact values.  

Consequently, the subjects expressed their preference in a specific manner.   They 

preferred iaTAR for spatial authoring tasks, and TARML for the non-spatial and 

fine-tuning tasks. 

While authoring of most VR-based content will involve both spatial and non-spatial (i.e., 

logical) tasks, their relative proportion will be different every time, depending on the 

particular target content.  One can envision the authoring tool incorporating both 
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immersive and desktop authoring features, which can be used in a flexible manner 

depending on the nature of the target content.  That is, for authoring spatial behaviors, the 

system provides immersive authoring interfaces, and for specifying non-spatial features, 

conventional desktop interfaces are available, as well.  An alternative is initially 

performing design and implementations of the content, with the spatial aspects only 

vaguely specified using text input and 2D GUI, and then completing the final design and 

validation in immersive mode.  It is also possible to convert logical tasks into spatial tasks, 

as suggested with the metaphorical object approach and the programming by 

demonstration approach.  Moreover, as VR interfaces advance in the future, it would 

become also possible to manipulate virtual desktop interfaces efficiently within an 

immersive environment, just as we use 2D GUI fluently, today. 
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Chapter 7. Conclusion 

Starting from introducing the concept of ‘immersive authoring’ of virtual worlds, in this 

thesis, the author suggested three approaches to achieving the proposed purpose: using 

virtual desktop interface, metaphorical virtual objects and programming by demonstration 

technique.  The author analyzed the requirements of immersive authoring arranging them 

into design principles and the authoring task model.  Appropriate interactions and 

interfaces were chosen and designed accordingly, and were implemented into immersive 

authoring systems.  The content authoring experience with the implemented prototype 

systems showed how immersive authoring systems could be practically used in VR content 

development.  Moreover, a formal user experiment provided solid evidences on the 

benefits and efficiency of immersive authoring method.  Immersive authoring hinges on 

the advantages of merging the execution and the authoring platforms and the nature of 3D 

multimodal interfaces and immersion for producing higher quality VR-based contents in an 

efficient way. 

7.1. Contributions 

The most prominent advantage of using immersive authoring method, in comparison to 

conventional development methods, is merging of development and testing environment.  

Spatial and mental gaps, that content developer had to suffer with switching between two 

separate environments, are certainly reduced by removing the distinction between the 

authoring and the execution environment.  Thus, a large amount of time and efforts spent 

for switching during development can be saved and invested in actual ‘authoring’ tasks. 

Merging the two environments leads to another distinctive benefit of providing instant (or 

even concurrent) evaluation, which the newly proposed term ‘WYXIWYG’ represents.  

Fast evaluation of the resulting product has significant profits with virtual world 
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development, where various combinations of different content elements are actually 

explored during the development.  While trying out a number of different configurations, 

fast evaluation of resulting virtual world is necessary to save time and efforts.  Moreover, 

since VR contents are usually evaluated with a comprehensive subjective measure (i.e., 

presence), directors need to actually experience the resulting virtual world for every 

combinations, and immersive authoring certainly supports this. 

Finally, by introducing direct 3D manipulation as a main interaction policy, immersive 

authoring becomes easy enough to learn and use for those with no background knowledge 

on computer programming and other technical stuffs.  This offers the main seat of VR 

content production to the artists, special domain experts, and even to the end-users, who 

really are the natives of content production. 

Gathering all of these contributions together, immersive authoring comprehensively 

contributes toward spreading VR-based contents to the market, and moreover, providing 

foundations for the success of VR technology as a next generation, future main stream of 

media industry. 

7.2. Future research direction 

Although the author described instances of virtual world model for practical use in this 

thesis, more researches are required to complete a comprehensive model for describing 

generic structures and behaviors of virtual worlds and virtual objects.  Moreover, to make 

an immersive authoring system immune to the changes in virtual world models, component 

oriented programming techniques [35], such as CORBA, COM/DCOM, and JavaBeans, 

can be applied.  With virtual world components implemented in a component software 

form, those modules can be dynamically binded on runtime, making possible to update the 

source code of each module, recompile them and reload without halting the main virtual 

reality (authoring) system running.  In brief, advanced researches on virtual world models 
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would help developing more comprehensive immersive authoring tools, so that they could 

be used in practice. 

Introducing collaboration (with other users) into immersive authoring system is also one of 

the interesting subjects for future research.  When developing a software system, 

separating it into several software modules, programming them separately, and integrating 

them together into a complete system is a classical method when developing large-scale 

software.  In advance to this offline process, ‘extreme (or pair) programming’ [2][44][37], 

one of the latest software engineering methods, lets a pair of programmers work on a 

single software code together.  A group of programmers view and modify the same 

source code together at a same time, discussing and collaborating throughout the 

development process, and it is known that this improves not only the enjoyment of the 

problem solving process, but also the performance [22].  This flow of collaborative 

software development methods encourages the idea of collaborative immersive authoring 

of virtual environments.  VR content directors need to work with other experts and staff 

members such as 3D graphics designers, application field experts and usability engineers, 

in addition to the system engineers, and for this purpose, advanced interaction models and 

associated system functionalities will be required to support such a collaborated effort of 

content creation. 

 

Although there still exists some problems to be solved, according to the results shown in 

this thesis, the author is convinced of ‘immersive authoring’ as a next generation authoring 

method for VR environments.  Being improved by further researches, the immersive 

authoring method will undoubtedly provide solid assistance to the VR technology 

(including AR), helping it to grow as a main stream of future media and human computer 

interface. 
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Appendix A. TARML specification 

TARML is a markup language for describing Tangible Augmented Reality contents. The language is 
in XML style. 
 
 

tarml 
Header and tail of tarml file. All other tags are describe between these tags 
 
<tarml> 
 object-and-link-list 
</tarml> 
 
object-and-link-list  a list of object and/or link tags 
 
 
 

property 
For describing the value of a property of an object. This tag is only used within object tags: pobject, 
vobject, sobject and lobject. 
 
<property name="property-name" value="value-string"/> 
 
property-name    name of the property in string 
value-string   value of the property to assign. (string formatted according to its data type as below) 
 

Data type Format 
Scalar A decimal numeric value 

(ex) 
 10 

    123.45 
Boolean A decimal numeric value. 0 for FALSE 1 for TRUE. 

(ex) 
    0 
    1 

Vector A triplet of decimal numeric values delimited by blanks 
(ex) 
    100 123.4 45 

Matrix A Twelve-let of decimal numeric values in a row major order, delimited by 
blanks. 
(ex) 
0.0 0.1 0.2 0.3 1.0 1.1 1.2 1.3 2.0 2.1 2.2 2.3 
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represents the matrix: 
0.0 0.1 0.2 0.3 
1.0 1.1 1.2 1.3 
2.0 2.1 2.2 2.3 

 
Object name A string 

(ex)  
marker01 
car 

 
 
 

pobject 
For declaring a physical object. 
 
<pobject name="object-name" marker="marker-pattern-file-name"> 
 property-list 
</pobject> 
 
object-name   name of the object in string 
marker-pattern-file-name   file name of the marker pattern or multi-pattern data file 
property-list  a list of property tags (usually no use since the whole properties are read only) 
 
(ex) 

<pobject name="page01" marker="Markers/page01.dat"> 
</pobject> 
 
<pobject name="card02" marker="Markers/card02-40.patt"> 
</pobject> 

 
Properties of pobject 

Name Data type Read/Write Description 
ID Scalar Read ID of the object 
Visible Boolean Read Visibility of the marker 

Transformation Matrix Read 
Transformation of the marker from the 
camera 

Position Vector Read 
Position of the marker from the camera (in 
millimeters) 

Orientation Vector Read 
Orientation of the marker form the camera 
in Euler angle (in degrees) 
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vobject 
For declaring a virtual object. 
 
<vobject name="object-name" model="model-file-name"> 
 property-list 
</vobject> 
 
object-name   name of the object in string 
model-file-name   file name of the model file 
property-list  a list of property tags 
 
(ex) 

<vobject name="fish" model="Models/fish.obj"> 
  <property name="BaseObject" value="page01"/> 
  <property name="Position" value="10 20 30.5"/> 
  <property name="Orientation" value="10 0.0 120"/> 
  <property name="Scale" value="1.5"/> 

</vobject> 
 
Properties of vobject 

Name 
Data 
type 

Read/Write Description 

ID Scalar Read ID of the object 

Visible Boolean Read/Write Visibility of the object 

BaseObject Scalar Read/Write 
ID of the parent object. (use object names 
instead of ID numbers in TARML) 

Transformation Matrix Read/Write 
Transformation of the object from the 
camera 

Position Vector Read/Write 
Position of the object relative to its parent 
object (in millimeters) 

Orientation Vector Read/Write 
Orientation of the object relative to its 
parent object in Euler angle (in degrees) 

Scale Scalar Read/Write Scale factor 

Color Color Read/Write 

RGB values in triplet decimal numbers. 
Each component ranges from 0.0 to 1.0 

(This property is deprecated.) 
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sobject 
For declaring a sound object 
 
<sobject name="object-name" sample="wave-file-name"> 
 property-list 
</sobject> 
 
object-name   name of the object in string 
model-file-name   file name of the sound file 
property-list  a list of property tags 
 
(ex) 

<sobject name="ambientSound" sample="Sounds/birds-stream.wav"> 
  <property name="Play" value="1"/> 
  <property name="Loop" value="1"/> 
  <property name="BaseObject" value="card00"/> 

</sobject> 
 
Properties of sobject 

Name Data type Read/Write Description 
ID Scalar Read ID of the object 
Play Boolean Read/Write Playing status 
Loop Boolean Read/Write Whether to loop the sound 

BaseObject Scalar Read/Write 
ID of the parent object. (use object names 
instead of ID numbers in TARML) 

Transformation Matrix Read/Write Transformation of the object from the camera 

Position Vector Read/Write 
Position of the object relative to its parent 
object (in millimeters) 

Orientation Vector Read/Write 
Orientation of the object relative to its parent 
object in Euler angle (in degrees) 

 
 
 

lobject 
For declaring logical entities. 
 
<lobject name="object-name" logic="logic-type"> 
 property-list 
</lobject> 
 
object-name   name of the object in string 
logic-type   type of the logic to use 
 (default types) AND, OR, NOT, Distance, MotorX, MotorY, MotorZ 
property-list  a list of property tags 
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(ex) 

<lobject name="motor" logic="MotorX"> 
  <property name="BaseObject" value="page01"/> 
  <property name="RPM" value="10"/> 
  <property name="On" value="1"/> 

</lobject> 
 
 
Common properties of lobject 

Name Data type Read/Write Description 
ID Scalar Read ID of the object 

BaseObject Scalar Read/Write 
ID of the parent object. (use object names 
instead of ID numbers in TARML) 

Transformation Matrix Read/Write 
Transformation of the object from the 
camera 

Position Vector Read/Write 
Position of the object relative to its parent 
object (in millimeters) 

Orientation Vector Read/Write 
Orientation of the object relative to its 
parent object in Euler angle (in degrees) 

 
Additional properties of AND, OR type logic 

Name Data type Read/Write Description 
Input1 Boolean Write Input 1 
Input2 Boolean Write Input 2 

Output Boolean Read 
Ouput value  
  AND: Input1 & Input2 
  OR:  Input1 | Input2 

 
Additional properties of NOT logic type 

Name Data type Read/Write Description 
Input Boolean Write Input 
Output Boolean Read Ouput value  ( ~Input) 

 
Additional properties of Distance type logic 

Name Data type Read/Write Description 
Position1 Vector Write Position to compare 
Position2 Vector Write Position to compare 
Threshold Scalar Write Distance threshold to determine near or far 

Near Boolean Read 
1 if |Position1-Position2| < Threshold 
0 if |Position1-Position2| >= Threshold 

Far Boolean Read 
0 if |Position1-Position2| < Threshold 
1 if |Position1-Position2| >= Threshold 
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Additional properties of MotorX, MotorY and MotorZ type logic 
Name Data type Read/Write Description 

RPM Scalar Write Round per minute 
On Booelan Write 1 to turn on, 0 to turn off 

Motor Vector Read 
Orientation of the motor in Euler angle (in 
degrees) 

 
 
 

link 
link between two properties 
 
<link source="src-object:src-property" target="tgt-object:tgt-property"/> 
 
src-object source object name 
src-property source property name 
tgt-object  target object name 
tgt-property  target property name 
 
(ex) 

<link source="card01:Visible" target="ambientSound:Play"/> 
 
 
Sample application code 

<tarml> 
 <pobject name="card01" marker="Markers/card-40.patt"> 
 </pobject> 
 <vobject name="fish" model="Models/fish.obj"> 
  <property name="BaseObject" value="card01"/> 
  <property name="Position" value="10 20 30.5"/> 
 </vobject> 
 <lobject name="motor" logic="MotorZ"> 
  <property name="RPM" value="30"/> 
 </lobject> 
 <link source="motor:ShaftOrientation" target="fish:Orientation"/> 
 <sobject name="bubbleSound" sample="Sounds/bubble.wav"> 
 </sobject> 
 <link source="card01:Visible" target="bubbleSound:Play"/> 
</tarml> 
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Appendix B. ANOVA Results 

B.1. Total task completion time 

The ANOVA Procedure 

 

Class Level Information 

Class    Levels    Values 

SUBJ         12    1 2 3 4 5 6 7 8 9 10 11 12 

IA            2    0 1 

 

Number of observations    24 

 

Dependent Variable: TOTTIME   tottime   /* in seconds */ 

 

Source             DF  Sum of Squares   Mean Square    F Value    Pr > F 

Model              23   5990413.333      260452.754        .       . 

Error               0         0.000            . 

Corrected Total    23   5990413.333 

 

R-Square     Coeff Var      Root MSE    TOTTIME Mean 

1.000000           .               .        1989.667 

 

Source             DF        Anova SS     Mean Square    F Value    Pr > F 

SUBJ               11     2666938.333      242448.939        .       . 

IA                  1     2564988.167     2564988.167        .       . 

SUBJ*IA            11      758486.833       68953.348        .       . 
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Tests of Hypotheses Using the Anova MS for SUBJ*IA as an Error Term 

Source             DF        Anova SS     Mean Square    F Value    Pr > F 

IA                  1     2564988.167     2564988.167      37.20    <.0001 

 

Level of            -----------TOTTIME----------- 

IA            N             Mean          Std Dev 

0            12       2316.58333       464.235727 

1            12       1662.75000       309.657032 

 

B.2. Total task completion time in task types 

/* spatial tasks */ 

The ANOVA Procedure 

 

Class Level Information 

Class    Levels    Values 

SUBJ     12        1 2 3 4 5 6 7 8 9 10 11 12 

IA        2        0 1 

Number of observations    24 

 

Dependent Variable: TOTSTIME   totstime   /* in seconds */ 

 

Source          DF   Sum of Squares     Mean Square    F Value    Pr > F 

Model           23     4699432.000      204323.130        .       . 

Error            0           0.000            . 

Corrected Total 23     4699432.000 
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R-Square     Coeff Var      Root MSE    TOTSTIME Mean 

1.000000           .               .         1131.500 

 

Source  DF        Anova SS     Mean Square    F Value    Pr > F 

SUBJ    11      838875.000       76261.364        .       . 

IA       1     3477770.667     3477770.667        .       . 

SUBJ*IA 11      382786.333       34798.758        .       . 

 

Tests of Hypotheses Using the Anova MS for SUBJ*IA as an Error Term 

 

Source DF        Anova SS     Mean Square    F Value    Pr > F 

IA      1     3477770.667     3477770.667      99.94    <.0001 

 

Level of            -----------TOTSTIME---------- 

IA            N             Mean          Std Dev 

0            12       1512.16667       286.538537 

1            12        750.83333       170.164003 

 

/* non-spatial tasks */ 

The ANOVA Procedure 

 

Class Level Information 

Class    Levels    Values 

SUBJ         12    1 2 3 4 5 6 7 8 9 10 11 12 

IA            2    0 1 

Number of observations    24 
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Dependent Variable: TOTLTIME   totltime   /* in seconds */ 

 

Source          DF   Sum of Squares     Mean Square    F Value    Pr > F 

Model           23     815477.3333      35455.5362        .       . 

Error            0          0.0000           . 

Corrected Total 23     815477.3333 

 

R-Square     Coeff Var      Root MSE    TOTLTIME Mean 

1.000000           .               .         858.1667 

 

Source  DF        Anova SS     Mean Square    F Value    Pr > F 

SUBJ    11     623096.3333      56645.1212        .       . 

IA       1      69337.5000      69337.5000        .       . 

SUBJ*IA 11     123043.5000      11185.7727        .       . 

 

Tests of Hypotheses Using the Anova MS for SUBJ*IA as an Error Term 

Source  DF        Anova SS     Mean Square    F Value    Pr > F 

IA       1     69337.50000     69337.50000       6.20    0.0301 

 

Level of            -----------TOTLTIME---------- 

IA            N             Mean          Std Dev 

0            12       804.416667       207.915393 

1            12       911.916667       156.850513 
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B.3. Average task completion time between authoring tools 

------------------------ spatial=0 -------------------------------- 

The ANOVA Procedure 

 

Class Level Information 

Class         Levels    Values 

SUBJ              12    1 2 3 4 5 6 7 8 9 10 11 12 

IA                 2    0 1 

VR                 2    0 1 

Number of observations    72 

 

Dependent Variable: TIME   time   /* in seconds */ 

 

Source          DF  Sum of Squares     Mean Square    F Value    Pr > F 

Model           23     271825.7778      11818.5121       1.92    0.0288 

Error           48     295996.0000       6166.5833 

Corrected Total 71     567821.7778 

 

R-Square     Coeff Var      Root MSE     TIME Mean 

0.478717      27.45187      78.52760      286.0556 

 

Source      DF        Anova SS     Mean Square    F Value    Pr > F 

SUBJ(VR)    10     192791.8889      19279.1889       3.13    0.0038 

IA           1      23112.5000      23112.5000       3.75    0.0588 

SUBJ*IA(VR) 10      15551.7778       1555.1778       0.25    0.9884 

VR           1      14906.8889      14906.8889       2.42    0.1266 

IA*VR        1      25462.7222      25462.7222       4.13    0.0477 
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Tests of Hypotheses Using the Anova MS for SUBJ*IA(VR) as an Error Term 

Source      DF        Anova SS     Mean Square    F Value    Pr > F 

IA           1     23112.50000     23112.50000      14.86    0.0032 

IA*VR        1     25462.72222     25462.72222      16.37    0.0023 

 

Tests of Hypotheses Using the Anova MS for SUBJ(VR) as an Error Term 

Source      DF        Anova SS     Mean Square    F Value    Pr > F 

VR           1     14906.88889     14906.88889       0.77    0.3999 

 

Level of            -------------TIME------------ 

IA            N             Mean          Std Dev 

0            36       268.138889       93.8342468 

1            36       303.972222       82.2086148 

 

Level of            -------------TIME------------ 

VR            N             Mean          Std Dev 

0            36       300.444444       87.0807325 

1            36       271.666667       90.6339577 

 

Level of     Level of            -------------TIME------------ 

IA           VR            N             Mean          Std Dev 

0            0            18       301.333333       94.8962282 

0            1            18       234.944444       82.3953684 

1            0            18       299.555556       81.2723976 

1            1            18       308.388889       85.2499018 
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------------------------ spatial=1 -------------------------------- 

The ANOVA Procedure 

 

Class Level Information 

Class         Levels    Values 

SUBJ              12    1 2 3 4 5 6 7 8 9 10 11 12 

IA                 2    0 1 

VR                 2    0 1 

Number of observations    72 

 

Dependent Variable: TIME   time   /* in seconds */ 

 

Source          DF  Sum of Squares     Mean Square    F Value    Pr > F 

Model           23     1566477.333       68107.710      11.24    <.0001 

Error           48      290958.667        6061.639 

Corrected Total 71     1857436.000 

 

R-Square     Coeff Var      Root MSE     TIME Mean 

0.843355      20.64247      77.85653      377.1667 

 

Source      DF        Anova SS     Mean Square    F Value    Pr > F 

SUBJ(VR)    10      246084.500       24608.450       4.06    0.0004 

IA           1     1159256.889     1159256.889     191.24    <.0001 

SUBJ*IA(VR) 10       88302.056        8830.206       1.46    0.1853 

VR           1       33540.500       33540.500       5.53    0.0228 

IA*VR        1       39293.389       39293.389       6.48    0.0142 
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Tests of Hypotheses Using the Anova MS for SUBJ*IA(VR) as an Error Term 

Source      DF        Anova SS     Mean Square    F Value    Pr > F 

IA           1     1159256.889     1159256.889     131.28    <.0001 

IA*VR        1       39293.389       39293.389       4.45    0.0611 

 

Tests of Hypotheses Using the Anova MS for SUBJ(VR) as an Error Term 

Source      DF        Anova SS     Mean Square    F Value    Pr > F 

VR           1     33540.50000     33540.50000       1.36    0.2701 

 

Level of            -------------TIME------------ 

IA            N             Mean          Std Dev 

0            36       504.055556       120.028555 

1            36       250.277778        74.438704 

 

Level of            -------------TIME------------ 

VR            N             Mean          Std Dev 

0            36       398.750000       178.677903 

1            36       355.583333       142.075709 

 

Level of     Level of            -------------TIME------------ 

IA           VR            N             Mean          Std Dev 

0            0            18       549.000000       101.599560 

0            1            18       459.111111       122.723452 

1            0            18       248.500000        87.184220 

1            1            18       252.055556        61.647453 
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B.4. Subjective ratings 

/* easy to learn */ 

The ANOVA Procedure 

 

Class Level Information 

Class         Levels    Values 

SUBJ              12    1 2 3 4 5 6 7 8 9 10 11 12 

IA                 2    0 1 

Number of observations    24 

 

Dependent Variable: EASYLEARN   easylearn   /* rating in 7-point scale */ 

Source          DF  Sum of Squares     Mean Square    F Value    Pr > F 

Model           23     33.95833333      1.47644928        .       . 

Error            0      0.00000000       . 

Corrected Total 23     33.95833333 

 

R-Square     Coeff Var      Root MSE    EASYLEARN Mean 

1.000000           .               .          4.208333 

 

Source   DF        Anova SS     Mean Square    F Value    Pr > F 

SUBJ     11     26.45833333      2.40530303        .       . 

IA        1      2.04166667      2.04166667        .       . 

SUBJ*IA  11      5.45833333      0.49621212        .       . 

 

Tests of Hypotheses Using the Anova MS for SUBJ*IA as an Error Term 

Source   DF        Anova SS     Mean Square    F Value    Pr > F 

IA        1      2.04166667      2.04166667       4.11    0.0674 
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Level of            ----------EASYLEARN---------- 

IA            N             Mean          Std Dev 

0            12       3.91666667       1.24011241 

1            12       4.50000000       1.16774842 

 

/* easy to use */ 

The ANOVA Procedure 

Class Level Information 

Class         Levels    Values 

SUBJ              12    1 2 3 4 5 6 7 8 9 10 11 12 

IA                 2    0 1 

Number of observations    24 

 

Dependent Variable: EASYUSE   easyuse   /* rating in 7-point scale */ 

Source          DF  Sum of Squares     Mean Square    F Value    Pr > F 

Model           23     25.33333333      1.10144928        .       . 

Error            0      0.00000000       . 

Corrected Total 23     25.33333333 

 

R-Square     Coeff Var      Root MSE    EASYUSE Mean 

1.000000           .               .         4.166667 

 

Source    DF        Anova SS     Mean Square    F Value    Pr > F 

SUBJ      11     14.33333333      1.30303030        .       . 

IA         1      0.16666667      0.16666667        .       . 

SUBJ*IA   11     10.83333333      0.98484848        .       . 
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Tests of Hypotheses Using the Anova MS for SUBJ*IA as an Error Term 

Source    DF        Anova SS     Mean Square    F Value    Pr > F 

IA         1      0.16666667      0.16666667       0.17    0.6887 

 

Level of            -----------EASYUSE---------- 

IA            N             Mean          Std Dev 

0            12       4.25000000       1.13818037 

1            12       4.08333333       0.99620492 

 

/* confidence */ 

The ANOVA Procedure 

 

Class Level Information 

Class         Levels    Values 

SUBJ              12    1 2 3 4 5 6 7 8 9 10 11 12 

IA                 2    0 1 

Number of observations    24 

 

Dependent Variable: CONF   conf   /* rating in 7-point scale */ 

Source           DF    Sum of Squares     Mean Square    F Value    Pr > F 

Model            23     25.95833333      1.12862319        .       . 

Error             0      0.00000000       . 

Corrected Total  23     25.95833333 

 

R-Square     Coeff Var      Root MSE     CONF Mean 

1.000000           .               .      4.208333 
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Source    DF        Anova SS     Mean Square    F Value    Pr > F 

SUBJ      11     16.45833333      1.49621212        .       . 

IA         1      2.04166667      2.04166667        .       . 

SUBJ*IA   11      7.45833333      0.67803030        .       . 

 

Tests of Hypotheses Using the Anova MS for SUBJ*IA as an Error Term 

Source    DF        Anova SS     Mean Square    F Value    Pr > F 

IA         1      2.04166667      2.04166667       3.01    0.1106 

 

Level of            -------------CONF------------ 

IA            N             Mean          Std Dev 

0            12       4.50000000       0.90453403 

1            12       3.91666667       1.16450015 
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약  

지  트(digital content)는 지난 30 여 간 많   거쳐 다. 

에는 단순  스트  상   지  트가, 는 동 상과 

티미 어  태  띠고 , 나아가 들  직  트  만들고 

  통  공 는 등, 지  트는 실  우리 생  가  다

가  다. 러  티미 어 트  보편 는 사  쉽고 편리   

술   뒷 침 었 에 가능 다고 도 과언  아닐 것 다. , 가

상 실(virtual reality) 트  개  과  아직도 그래  업에 고 

어 그램 개   사람들  사 에는 편  것  실 다. 

듀 , 감독 등  술  경  갖는 사람들, 나아가 들  쉽고 

편리 게 사  수 는 가상 실 트 도  실  , 본 

에 는  공간과 실  공간  치 는, , 가상 경 내에  가상 계

(virtual world)  는,  몰   (immersive authoring method)

 안 다. 몰    가  큰 특징   경 체가 몰  공

간 므 , 가  결과  직  경험 , 3 차원 상  들  

사 여 쉽고 편리 게 가상 실 트    수 는 다. 본 

에 는 몰    본 개 과 원리  시 고, 가상 실 트 

 업   탕  도 에 몰      

안  안 , 몰  도    개  과  시  

몰     가능  보 다. 또 ,  탕 , 본 연 에  

개  몰  도  PiP 시스 과 iaTAR 시스 과 들   트 

 사 들  살펴  몰     고찰 다. 
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몰      에  객  검   본 연

에 는 사  실험  수 다. 본 실험에 는 몰   과  

  사 여 동  트      사  비  

평가 다. 몰  도 는 iaTAR ,   는 TARML 

스크립트 언어  사 , 실험 는 각각  도  사 여 시  사

양  트  다. 실험 결과, 시  트  는  걸린 시간

 비   몰     에 비  라는 

결  얻었다. 특 , 공간   업  경우 몰     

 에 달 는 것  나타나, 몰    에  매우 

 결  내릴 수 었다. 몰  도  사 과 편리 에 는, 

비  결과   통 는  과 비   차 가 없는 

것  나타났 나, 실험 에 실험 가 도  사  참 거

나 사    수  비  볼 , 몰    사 고 우

에 비  쉬움  알 수 었다. 또 ,  통  몰    가상 

객체  치  같  공간  업에 ,   리  

과 같  비공간  업에 다는    수 었다. 러  들

  볼 , 몰   도 에 도 2 차원 스   사

 수 도  개  다 ,  가지    통 는 태  

상   경  실  가능  것  생각 다. 

아직 지 가상 실 비들  능상 계  시간 사 는  편 도 

지만,  개 고 다양  태  가상 실 트   수 는 가상 

계  립 다 , 앞  가상 실 트   는  몰

   많  도움   것  망 다. 
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