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An Infrastructure for Realizing Custom-Tailored 
Augmented Reality User Interfaces 
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Abstract— Augmented Reality (AR) technologies are rapidly expanding into new application areas. However, the development of 
AR user interfaces and appropriate interaction techniques remains a complex and time-consuming task. Starting from scratch is 
more common than building upon existing solutions. Furthermore, adaptation is difficult, often resulting in poor quality and limited 
flexibility regarding user requirements. In order to overcome these problems, we introduce an infrastructure for supporting the 
development of specific AR interaction techniques and their adaptation to individual user needs. Our approach is threefold: a flexible 
AR framework providing independence from particular input devices and rendering platforms, an interaction prototyping mechanism 
allowing for fast prototyping of new interaction techniques, and a high-level user interface description, extending user interface 
descriptions into the domain of AR. The general usability and applicability of the approach is demonstrated by means of three 
example AR projects. 

Index Terms— C.2.4 Distributed Systems --- Distributed applications, H5.1. Multimedia Information Systems --- Artificial, 
augmented and virtual realities, H.5.2 User Interfaces, H.5.3.b Collaborative computing, I.3.2 Graphics Systems --- 
Distributed/network graphics, I.3.6 Methodology and Techniques --- Device independence, Graphics data structures and data types, 
Interaction techniques, I.3.7 Three-Dimensional Graphics and Realism --- Virtual reality 
 

——————————      —————————— 

1 INTRODUCTION

Augmented Reality (AR) [3]  [24] enhances our physical 
environment by adding virtual objects. Alongside Virtual 
Reality (VR), which is aimed at complete immersion in an 
artificial environment, it is becoming an increasingly more 
important technology. Due to the rapid development of 
new hardware - including but not limited to more powerful 
wearable computers [30], advanced visual display tech-
nologies (www.lumus-optical.com), and input devices - our 
understanding of using and interacting with computers is 
being redefined and is starting to affect our everyday work 
[38]. 

AR has the potential to positively impact a large number 
of application areas. During the last few years, a number of 
promising prototypes have been created (including archi-
tecture and urban planning [7], [28], [40], engineering and 
production planning [11], [14], [18], [37], [41], education, 
learning and training [42], and gaming [29]). Nevertheless, 
the creation of appealing content remains a difficult, cum-
bersome and time-consuming task. While the creation of 
appropriate 3D or 2D information is important, the devel-
opment of content is not limited to this task. Moreover, the 
realization of appropriate user interfaces and the underly-
ing interaction techniques turns out to be the most chal-
lenging part. 

In AR environments, traditional computers and their 
well-known devices, and interfaces disappear from the 
user’s point of view. In addition, a large variety of highly 
specialized devices is introduced, solving particular prob-
lems very well but consequently not adaptable or transfer-
able to other application areas. Existing AR applications 
have this problem in common with most VR environments. 
While today’s 2D interfaces rely on the well-established 
WIMP (windows, icons, menus, pointers) interface meta-
phor, standards for user interface techniques or a set of in-
teraction devices in VR and AR have not yet been estab-
lished. 

Within our previous AR projects we analyzed the re-
quirements of different user groups and AR applications. It 
became apparent that a single user interface metaphor or a 
particular set of interaction techniques is not able to satisfy 
individual user needs. Moreover, the individual require-
ments regarding personal equipment (including devices) 
for each user group differed significantly. The same applies 
to the work environment, which has a large influence on 
the overall system (a system using voice input, for example, 
cannot be used in a noisy environment). 

Thus, in this paper, we do not aim to provide a new gen-
eral interface metaphor for AR or VR since this does not 
seem to be feasible given the large variety of applications 
and their individual requirements. Instead, we want to in-
troduce an infrastructure, providing an adequate support 
for the development and adaptation of individual AR user 
interface techniques. 

The approach presented in this paper is based on our 
experience and lessons learned from various projects with 
AR-based applications. Identification of hardware currently 
used within such projects and limitations in existing soft-
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ware provides the basis for our approach.  
For each application area we found user interface devel-

opment is based on multiple design cycles. This allows us-
ers to experience different AR user interfaces and multiple 
revisions according to the development of their needs and 
their improving experience with AR in general. For most 
users this was their first contact with AR technology, al-
though many of them had used 3D or even VR before. We 
tried to support this process by offering various alternative 
tools and mechanisms during each of the development 
phases. Additionally, we attempted to achieve high flexibil-
ity regarding the hardware and software in use. This in-
cludes the ability to switch to different platforms (for ex-
ample from laptops to PDAs), use another tracking system 
(sensor-based vs. computer vision-based), or switch be-
tween input devices. 

In most other systems this would have required a com-
plete re-design or at least a major re-programming effort. 
Our goal was to provide an infrastructure or framework 
allowing a maximum in flexibility regarding the user inter-
face and interaction techniques while keeping the devel-
opment effort reasonable. 

In this paper, we describe our approach of supporting 
development of AR interaction techniques and show its 
feasibility within several applications. The structure of the 
paper is as follows: In Section 2 we compare our approach 
to previous work, focusing on VR/AR frameworks, interac-
tion prototyping and the realization of AR user interfaces. 
In Section 3 we provide a general overview of fundamental 
multi-modal AR interaction techniques, defining the gen-
eral scope of this paper. In Section 4, we present the main 
mechanisms of our approach. We introduce our VR/AR 
framework before presenting our approach on interaction 
prototyping and on AR user interface authoring. In Section 
5, we present a couple of sample applications, discuss the 
individual mechanisms in detail and analyze the pro and 
cons of the overall approach. Finally, we draw a conclusion 
and provide an outlook on our future work. 

2 RELATED WORK 
There are several approaches that support the realization of 
AR user interfaces including VR/AR toolkits and frame-
works, authoring tools, and user interface description lan-
guages. The approaches differ mainly in the level of ab-
straction and supported control, and are suitable for differ-
ent development phases.  

Toolkit and framework-based approaches for AR appli-
cations offer solutions for typical user interface problems 
and speed up the implementation of an AR user interface. 
There are quite a number of frameworks for VR/AR appli-
cations. Each of them has a different focus and therefore 
makes it more or less applicable to individual application 
scenarios. A standard framework for VR/AR frameworks 
has not yet been developed. A good overview of existing 
frameworks and toolkits is given in [5], [8] and [12]. 

DWARF  [4] is a component-based AR framework with a 
focus on wearable AR applications. Its main concept is to 
provide core functionality for AR systems by collaborating 
distributed services. Each service describes its abilities, 
needs and connectors in XML. Service managers running at 

each system site connect the distributed services according 
to their needs and abilities. CORBA is used for communica-
tion setup, but services may deploy more efficient proto-
cols. Developers of an AR system can easily use or extend 
existing services or develop new ones. Several projects have 
already demonstrated the applicability of DWARF. 

Another component-based framework for VR/AR appli-
cations is VHD++ [31]. As most frameworks it provides 
different services for the application and acts as a middle-
ware to abstract the complexity of the underlying operating 
system and hardware layer. VHD++ is most appropriate for 
VR/AR applications with virtual human simulations due to 
its focus on virtual character simulations. 

One of the main features of AR frameworks is to provide 
easy access to a wide range of devices. In order to maximize 
reusability of code and to minimize the effort for applica-
tion developers exploiting these devices, many frameworks 
use an abstraction layer for input devices. OpenTracker 
[32], which is part of Studierstube system [34], provides 
such an abstraction layer for tracking devices and enables 
application developers to easily process multi-modal input 
data. XML is used for development, documentation, inte-
gration and configuration of the tracking device and its 
data flow within the application. Apart from the ability to 
substitute different tracking devices, the library also pro-
vides a set of operations for filtering, fusion and state trans-
formation of the input data.  

Contrary to these frameworks, the focus of our VR/AR 
framework is on supporting multiple distributed users 
sharing various input and output devices. While these 
frameworks either provide only limited universality re-
garding such devices, or make use of external libraries, 
(such as OpenTracker), our approach comprises an inte-
grated universal device abstraction. Another major differ-
ence of our framework is that it comes along with its own 
render engine, providing a dedicated support for distrib-
uted applications in contrast to frameworks, where such 
functionality is added to existing render engines or render 
libraries later on (e.g. OpenInventor used by Studierstube). 

Toolkit and framework-based approaches for the realiza-
tion of AR applications – and especially user interfaces –
require the developer to implement an application on a 
rather low level using standard programming languages. 
The development effort is high compared to other ap-
proaches, but many aspects of the user interface can be con-
trolled in detail.  

Authoring tools allow the creation of AR user interfaces 
on a higher abstraction level than toolkit or framework-
based approaches. Typically, they provide standard user 
interface elements for AR that can be assembled and 
adapted.  

DART [23] builds upon Macromedia Director and is real-
ized as a plug-in. It provides an interface to different tech-
nologies including live video capture and marker tracking. 
The toolkit comes with several behaviors written in the in-
terpreted programming language Lingo. Behaviors are 
modified by users to include content such as video, sound 
and 3D models in the AR application and to program the 
user interface. Although several Lingo behaviors already 
exist, a user typically needs to understand and modify rela-
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tively complex Lingo scripts in order to realize an AR ap-
plication. 

The AMIRE  [1] framework is component-oriented and 
allows for the development of various authoring tools 
adapted to domain-specific requirements. Authoring tools 
developed with the AMIRE framework, for example the 
Authoring Wizard  [43] for furniture assembly or CA-
TOMIR  [44] for Mixed Reality authoring, use flow chart 
diagrams to visualize the steps required to assemble 3D 
objects. The authoring process is based on a graphical user 
interface using 3D widgets as interaction components and 
connection elements and tangible user interface elements. 
The provided authoring tools offer a large variety of inter-
action techniques for 3D content authoring, but are re-
stricted to desktop environment usage. 

iaTAR [21] is an immersive authoring tool for tangible 
AR applications. It offers authors a component-based ap-
proach to create 3D content in an intuitive way. Physical 
props such as simple pads and cubes are used for the au-
thoring tasks. Additionally, virtual props such as a menu of 
3D models and an inspector pad are available. To realize a 
tangible user interface, properties of 3D models can easily 
be connected using inspector pads. The connection status is 
displayed with visual “wires”. iaTAR is well suited for cre-
ating 3D content, but is limited to a specific set of interac-
tion techniques. 

Authoring tools as described above focus on an easy and 
rapid creation of AR user interfaces. They build up on 
standard AR user interface elements (for example 3D 
menus) and are frequently targeting non-programming 
experts. Typically, they require less effort than toolkit and 
framework-based approaches and guarantee faster results. 

While component-based approaches in general are very 
suitable for fast authoring of AR user interfaces, they are 
quite often limited to a rather specific set of interaction 
techniques. The authoring environments presented above 
are restricted to a particular set of 3D widgets (AMIRE) or 
specific interaction (iaTAR). Adding new interaction tech-
niques is either not possible, or requires a significant 
amount of programming. Contrary, our approach on inter-
action prototyping is based on rather simple yet general 
components providing basic functionality only. While as-
sembling such components into an interaction prototype 
may be more complex than using the authoring tools above, 
it provides us with full flexibility to model arbitrary interac-
tion techniques. It thus overcomes this basic limitation of 
these tools. 

Description and language-based approaches allow for 
rather high-level descriptions of user interfaces using text-
based descriptions.  

APRIL [20], part of the Studierstube system, is an XML-
compliant high-level description language for authoring 
AR presentations. APRIL describes media objects, their be-
haviors and possible user interaction. Possible devices, such 
as displays and input devices, are described in the hard-
ware description layer that is partially based on Open-
Tracker. The description of the presentation flow (“the 
story”) is based on UML state charts and exported to the 
XML Metadata Interchange (XMI) format, the official stan-
dard for serializing UML diagrams. States within the UML 

diagram represent behaviors whereas transitions represent 
interaction. At runtime, depending on the available hard-
ware, different media types may be used to render the same 
virtual object. APRIL focuses on user interfaces for digital 
storytelling and is well suited to author presentations.  

CUIML  [33] has been developed as part of DWARF 
framework. CUIML is based on UIML [2] and uses XSL 
transformations to convert a CUIML-based user interface 
description to markup languages that can be displayed on 
various output devices, including the markup languages 
VRML and HTML. Elements and states of a user interface 
are described as a finite state automaton. Due to its XSL-
based implementation, CUIML is limited to markup lan-
guages. 

InTml  [13] is an XML-based specification language that 
allows describing a VR application irrespective of the un-
derlying environment. In InTml scene objects, interaction 
devices, and interaction techniques are represented by 
components. A VR application is realized by interconnect-
ing the input and output of different components.  

GRAIL  [27], a graphical user interface description lan-
guage, was developed as part of the ARTHUR project [7] 
(see also Section  5.2). It uses a graphical WIMP-style 2D 
interface for associating 3D input devices with scene objects 
and for assigning particular behaviors. However, due to the 
huge amount of individual options and mechanisms, the 
creation of AR user interfaces remains limited to trained 
experts. 

Description and language-based approaches allow for 
realizing AR user interfaces using standard text editors. 
They may speed up the development of AR user interfaces 
tremendously, but offer less control over the final user in-
terface than toolkits and frameworks or authoring tools. In 
contrast to APRIL, InTml and GRAIL the user interface de-
scription language proposed in this paper (see Section  4.3) 
targets not only AR or VR user interfaces. While supporting 
AR-specific interaction techniques, such as tangible user 
interfaces, the description can also be rendered for graphi-
cal user interfaces. Contrary to our approach, CUIML gen-
erates user interfaces in a markup language, thus, limiting 
run-time flexibility. 

In general, user interfaces for AR need to be carefully se-
lected based on the application domain and the targeted 
user group. Early mock-ups and prototypes are helpful to 
keep users involved and to prevent them from becoming 
frustrated. A development methodology for AR user inter-
faces has been suggested by Kulas, Sandor and Klinker [19]. 
A thorough review of usability design and evaluation 
methods is given by Bowman, Gabbard, and Hix [9] and 
Gabbard, Hix, and Swan [15]. 

3 INTERACTION TECHNIQUES 
Since established 3D or VR interaction techniques [10] can-
not directly be applied to AR, we define a classification of 
interaction techniques specifically used within AR envi-
ronments. They provide the scope of what has to be sup-
ported by our infrastructure. The different interaction tech-
niques are subdivided into:  

• spatial interaction 
• command-based interaction 
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• virtual control interaction 
• physical control interaction 

Spatial interaction is based on manipulating spatial proper-
ties of physical objects. Spatial interaction is typically real-
ized by dynamic pointing gestures, pointers and tangible 
user interfaces [16]. An example of spatial interaction is the 
selection of a virtual object using a pointer (see Fig. 1, left). 
While spatial interaction also exists in VR environments, it 
differs fundamentally as the physical objects are not part of 
the working environment and may not even be visible to 
the user (depending on the VR technology used). Command-
based interaction consists of single or compound input linked 
to specific functionality. Command-based interaction is 
typically implemented as static gestures or voice com-
mands. An example of a command-based interaction tech-
nique is the creation of a virtual object by performing a par-
ticular gesture (see Fig. 1, right). Virtual control interaction is 
based on 3D widgets representing a certain function. An 
example of virtual control interaction is a tool menu (see 
Fig. 2, left). Physical control interaction is based on physical 
tools or control panels that are extended to control not only 
physical but also virtual objects. Examples are a stage con-
trol panel to change the position of virtual backdrops (see 
Fig. 2, right). There is no equivalent to physical control in-
teraction in VR environments. 

The various interaction techniques offer different advan-
tages. Spatial interaction for example is well suited for se-
lecting virtual objects in 3D space and for spatial transfor-
mations. Command-based interaction is especially suitable 
to realize discrete input. Virtual control interaction imple-
ments a well-known interaction metaphor, whereas physi-
cal control interaction allows for the integration of physical 
tools in the user interface. 

4 REALIZING INTERACTION AND USER INTERFACES 
In this section, we introduce our infrastructure for realizing 
interaction techniques and user interfaces for AR applica-
tions. First, as a low-level mechanism, we present our AR 
framework. It provides flexible access to input devices and 
universal access to its components. Then we introduce our 
more advanced approach on interaction prototyping. While 
this approach still requires detailed knowledge of device 
output and scene contents, it provides full runtime flexibil-
ity and replaces programming by modeling. Finally, we 
present our high-level approach, which uses an XML-based 
description language to configure interaction techniques 
and to define whole AR user interfaces. 

4.1 VR/AR Framework 
Our extensible component-based VR/AR framework MOR-
GAN [25] provides the basis for flexible integration and ac-
cess to devices and to the creation and modification of AR 
content. It was especially developed to support distributed 
multi-user VR/AR applications. Due to the usage of soft-
ware design patterns and the networking middleware 
CORBA, the framework enables developers to rapidly cre-
ate applications by providing easy access to input and out-
put devices and a high-level application-programming in-
terface (API). It consists of a set of components, which pro-
vide special services for application developers including 
several input and output devices (for example tracking de-
vices and speech input), and a sophisticated render engine. 
Fig. 3 provides an overview of the framework architecture. 
Applications are typically assembled from these compo-
nents, individually configuring their instances and distribu-
tion. For a more detailed description of the MORGAN frame-
work, see [25]. 

The central component of the framework is the Broker, 
which is responsible for the creation, deletion and retrieval 
of components. Each component instance has to register at 
the Broker in order to be accessible. However, the Broker 
can also be used for remote instantiation of such compo-
nents. This feature is required when devices are physically 
connected to a specific computer and components provid-
ing access to these devices have to be executed locally (i.e., 
on that particular machine). The remote instantiation can be 
performed in several ways. One common strategy is to 
query the Broker for a specific component. If it does not yet 
exist, it will be instantiated on a designated host. Another 
strategy is to request a particular component on a specific 
host in case several instances of a particular component 
exist within a single application. The remote instantiation is 
realized by the factory pattern.  

In order to enable the substitution of arbitrary input and 
output devices, we developed a concept for device inde-
pendency. This concept defines a classification scheme for 
arbitrary computer devices with a focus on VR and AR as 
well as ubiquitous computing. Each device is classified 
within a hierarchy, which defines the common interfaces 
the device inherits from. Some devices combine logically 
different interaction metaphors. For example, a mouse is a 
pointing device that can be moved. It is also a device with 
buttons and a wheel. Such a combination of different as-
pects of a device is mapped in our class hierarchy by using 

Fig. 2. Selection of a menu entry as an example of a virtual control
interaction (left), and a stage controller as an example of a physical 
control interaction (right) 

Fig. 1. Manipulation of a virtual object using a pointing device as an
example of a spatial interaction technique (left), and gesture input as
an example of a command-based interaction technique (right). 
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multiple inheritance. The actual Mouse device is derived 
from the classes MousePointer, Button and Wheel. 

Therefore, it is possible to access a whole range of de-
vices through their common super interfaces. For instance 
all 6DOF tracking devices inherit from the interface 
Tracker6DOF, which is subclassed from Position-
Tracker3DOF and OrientationTracker3DOF. A subscriber can 
subscribe at each of these interfaces and will only receive 
the relevant events, i.e. in case it subscribes at the Position-
Tracker3DOF interface it will only receive position updates 
without orientation. 

This makes it very convenient to use for application de-
velopers since they are not only able to substitute different 
6DOF trackers, but they are also enabled to substitute more 
unrelated devices, for example the keyboard for the mouse 
or even speech input. Exchanging speech input with key-
board command, such as in a noisy environment, is 
achieved by the adapter pattern, a design template, which 
maps input from one interface onto another. 

Using the device abstraction hierarchy, MORGAN has al-
ready integrated many devices and is extended easily. 
Apart from a range of tracking devices, for example AR-
Toolkit [17], InterSense IS-600, IS-900 and IS-1200, and the 
InertiaCube and GPS tracker, it already provides compo-
nents such as speech command, mouse, keyboard, and eye 
tracker input, among others. Additionally, some output 
devices have been integrated, for instance tactile feedback 
devices or video and audio streams. 

The integrated render engine accompanies the design of 
distributed multi-user VR/AR applications. This includes 
automatic distribution of updates, private sub-hierarchies, 
and an abstraction layer for frame buffers. 

The render engine stores the scene including the 3D in-
terface elements in a scene graph structure (a directed 
acyclic graph with a single root node). All geometric objects 
are located at the leafs of the scene graph, while the inner 
nodes of the graph are container nodes, which form the 
structure of the scene and group objects in a spatial or logi-
cal manner. The scene graph’s purpose is to store the scene 
in an efficient way for rendering and querying purposes.  

The render engine supports an abstraction of the frame 
buffer of the output device. Thus, the render engine is for 
example able to render the scene and the interface using 
OpenGL or Direct3D. Additionally, this mechanism simpli-
fies the support of further frame buffers. Most PDAs, for 
example, do not support hardware accelerated frame buff-
ers yet. It is also possible to omit the frame buffer entirely. 

The distribution of application state changes and modi-
fied objects is crucial for multi-user applications. For exam-
ple, if a user manipulates a virtual object, other users 
should immediately become aware of this action. On the 
other hand, not all information has to be distributed each 
time. For example, if a user opens a virtual menu to navi-
gate through its entries, other users may be distracted by 
this information. Our distributed scene graph approach 
provides support for both cases. The virtual menus are an 
example of private sub-hierarchies used at the Mixed Real-
ity Stage (see Section 5.1). 

In general, the synchronization of distributed scene 
graphs is handled automatically by sending appropriate 
update messages. All updates are collected in regular inter-
vals and distributed to all other scene graphs. This mecha-
nism is also used to inform remote scene graphs about new 
objects. Updates containing the whole scene graph may be 
used to initialize additional (new) scene graph instances. 
Updates covering a certain period allow us to deal with 
temporary disconnections (for example for mobile partici-
pants using a smart phone or PDA). 

Besides the possibility of developing applications by di-
rectly accessing the framework components using the 
CORBA interface, a C++ API is provided. The API hides the 
complexity of the framework and the distributed system, 
while providing full access to all input devices and the 
nodes of the scene graph. It allows inserting, copying, mov-
ing, deleting, and referencing of scene graph objects in ad-
dition to modifying node attributes directly. Furthermore, it 
publishes collision detection results and allows for picking 
queries. This provides the basis for fast and easy applica-
tion development and incorporation of multiple devices.  

4.2 Prototyping of Interaction Techniques 
We use interaction prototyping as the fundamental testing 
and evaluation mechanism for interaction techniques 
within our projects. We distinguish interaction prototyping 
from pure user interface prototyping since it not only al-
lows us to test the appearance or the look and feel of a user 
interface but also enables us to define and test interaction 
techniques with minimal effort. 

When beginning to develop a particular VR or AR appli-
cation the requirements for the final user interface are often 
not specified or not even known. Especially if the future 
users are not familiar with 3D interaction techniques 
(which is true for most application domains), they tend to 
have a very specific and restricted view of the possibilities 
offered by such an environment. Thus, starting the final 
implementation of a 3D user interface using the initial 
specifications based on the requirement analysis may pre-
determine the way users will have to use the system in the 
future. Thus, we use interaction prototyping to create early 
prototypes of such interfaces, while providing alternative 
solutions for particular interaction techniques at the same 
time. 

Our approach to interaction prototyping is based on 
modeling interaction rather than programming it. We use 
an object-oriented, component-based approach. The 
text/XML-based component description is executed within 
the VR/AR-environment during runtime and may be 
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modified (via an API) or reloaded at any time. Thus, many 
adaptations (such as switching from one speech command 
to another or replacing a button click by a gesture input) 
may be applied on the fly.  

The components used in our approach represent the in-
tegral elements of user interaction. In general, all interac-
tion depends on some form of user input. In a VR/AR envi-
ronment, this is not limited to mouse or keyboard input but 
will typically include input from (6-DOF) trackers or other 
3D input devices such as a space mouse or a data glove. In 
our approach, we use Trigger components to react to events 
related to a particular scene geometry (for example press-
ing a mouse button while the pointer picks a particular 3D 
object) and Sensor components to register for any other type 
of input events. We use Action components to apply 
changes to the scene graph by issuing appropriate events. 
In order to specify a control flow between the individual 
components, a signal/slot mechanism is used. Thus, the 
components actually form dataflow graphs. In addition, 
data values may be transferred between components by 
connecting the corresponding data fields. This is comple-
mented by implicit type conversions. Invalid component 
connections will lead to runtime warnings but will not in-
fluence the execution of other components. This makes the 
overall approach very fault-tolerant. 

Fig. 4 shows a simple example of an interaction proto-
type realizing a tangible user interface with a Sensor com-
ponent that detects tracking events and an Action compo-
nent that applies the received transformation to a particular 
scene graph object. The figure additionally shows the data 
transfer between the individual event fields. A set of fun-
damental interaction prototypes already exists, which can 
easily be applied to 3D scene objects or adapted to achieve 
the desired functionality. Cascading can be used to spread 
the dataflow across multiple interaction prototypes. This 
supports the modular definition of interaction techniques 
and user interface elements. It therefore allows for the for-
mation of interaction technique abstraction layers, similar 
to the approach used by Unit [26] or InTml [13]. 

In order to realize a more complex interaction, the con-
trol flow can be influenced by Decision components. State-
dependent interaction may be realized using Memory com-

ponents. Evaluator and Scripting components may be used 
to evaluate expressions or even use small scripts. Addition-
ally, interaction often depends on the current state of other 
objects. Query components allow gathering information 
about scene graph objects or the VR/AR environment. In 
3D environments, general interaction (in contrast to par-
ticular interaction where for example a specific door is 
opened if the space key is pressed) requires either collision 
detection or picking (which actually is a collision or inter-
section between a ray and 3D scene objects). Thus, dedi-
cated components (Picking, Collision) exist to pick along a 
ray or to register for collisions between objects. Finally, 
shared components provide support for distributed envi-
ronments. SharedTrigger and SharedSensor components al-
low us to define the level of concurrency for a particular 
interaction. Two attempts to interact with one particular 
object may for example mutually exclude each other or be 
completely independent. SharedAction components allow 
the dataflow to spread across distributed graphs (similar to 
[26]), allowing for early or late synchronization. In order to 
realize time-dependent interaction, autonomous object be-
haviors and dynamics, Timer, Sequencer, and Interpolator 
components are available. 

We extended Microsoft Visio by adding appropriate 
template shapes for each component to support the model-
ing of interaction prototypes (for example in Fig. 4 those 
templates were used).  

Modeling interaction rather than programming it is not 
necessarily less complex. However, our experience so far 
indicates that modeling interaction based on a set of exist-
ing primitive components seems to be easier to understand 
for design-oriented professionals than programming. Al-
though not the original intention of our approach, this al-
lows designers or architects to create or adapt interaction 
techniques on their own. Furthermore, this approach ex-
tends naturally to new input devices as it provides univer-
sal (low-level) access to system events. This feature allows 
us to test new devices with this mechanism as soon as they 
are integrated in the underlying framework. Besides these 
advantages, we do not want to conceal the limitations of 
our approach. Application-specific interaction mechanisms 
often include plausibility checks or other application re-
lated “intelligent” mechanisms (often requiring access to an 
underlying application database), which are quite cumber-

gfedcb

gfedcb

Fig. 4. Simple interaction prototype realizing a tangible user interface



W. BROLL ET AL.:  AN INFRASTRUCTURE FOR REALIZING CUSTOM-TAILORED AUGMENTED REALITY USER INTERFACES 7 

 

some or even impossible using our prototyping mecha-
nism. 

Finally, a second, more complex example demonstrates 
the realization of an interaction prototype implementing 
Pacman-style navigation for a 3D object, i.e. the target object 
will move into one direction until it collides with a wall 
where it will stop. It may be directed in any of the other 
four major directions (up, down, left, right), for example by 
appropriate voice commands. One possible solution based 
on our approach is as follows (see Fig. 5): A Sensor compo-
nent is used to register for the appropriate voice com-
mands. When any of the corresponding events is received, 
its data is forwarded to a Decision component, which is 
executed afterwards (i.e. the individual conditions are 
checked). Depending on the results, an appropriate picking 
vector is loaded from a Memory component into a Picking 
component. The Picking component is then executed, i.e. 
the picking is performed from the current position in the 
pre-loaded direction. If there is no barrier within the pick-
ing range, the actual moving direction is modified by for-
warding the picking direction to a second Picking compo-
nent, and a Timer component is started that will ensure a 
continuous  movement into the selected direction. The 
Timer component is configured to be executed each frame. 
It activates the second Picking component to check whether 
further movement is possible. If that Picking component 
detects a barrier, it will disable the Timer engine. Other-
wise, the picking direction is forwarded to an Evaluator 
component. This component will simply add the picking 
vector to the current location and provide the new location 
to the two Picking components and to an Action compo-
nent. This Action component will send events to the scene 
graph, while a second Action component will issue events 
to play appropriate moving sounds during the movement. 
Both Action components will be executed by the Evaluator 
component. 

4.3 User Interface Descriptions 
While AR user interfaces are typically realized with a large 
variety of interaction techniques and interaction devices 
(see Section 3), most of them depend on specific hardware. 
Though abstraction layers for input devices exist (see Sec-
tion 4.1), concepts for defining user interfaces independent 
of specific interaction techniques are still missing. As a re-
sult, many AR applications are hard-coded for a specific set 
of devices and cannot be used with different hardware set-
ups. An exception to this is the use of different tracking 
devices since several tools exist that provide a universal 
interface to various trackers (see Section 2). 

A more flexible approach to AR user interfaces can be 
realized by user interface description languages (UIDLs) 
[39]. UIDLs allow describing user interfaces irrespective of 
interaction devices and their capabilities. While several 
UIDL-based vocabularies for describing user interfaces for 
desktop and mobile PCs, PDAs and cellular phones [35] 
exist, there is only little or no support for AR user inter-
faces. 

We developed a vocabulary for describing AR user inter-
faces in addition to traditional WIMP-based user interfaces. 
The vocabulary consists of user interface elements such as 

buttons, frames or sliders, input listeners, such as pose or 
selection listeners and actions referencing the actual appli-
cation logic. It was designed to support all four types of 
interaction techniques as described in Section 3. 

User interface elements can be perceived by the user and 
may have a visible, audible or tangible representation. For 
common user interface components, abstract entities are 
introduced. We distinguish between controls and contain-
ers. The control components include 

• Label, 
• Button, 
• Slider, 
• TextInput, and 
• Artifact. 
Label contains information that is typically related to an-

other element. Button represents pre-defined functionality 
that can be selected by the user. Slider allows for the selec-
tion of numerical input within a certain range. TextInput 
may be used to provide textual input of arbitrary modality. 
Artifact represents arbitrary content. 

The container components include 
• Frame, 
• Menu, 
• Sequence, and 
• SelectionSet. 
Frame may be used to group elements. Menu is a hierar-

chical structure of arbitrary elements. Sequence can be used 
to display elements for a certain amount of time. Selection-
Set contains a set of buttons and can be configured to allow 
single or multiple selections. 

In order to support AR-specific physical control interac-
tion techniques, each child element contains the attribute 
mayBePhysical. If this attribute is set to true and the current 
hardware setting contains an appropriate device with a 
button, the physical device is used. Otherwise, the element 
is realized by a virtual control. An example is a button, 
which may be available as a real physical button or will be 
rendered as a virtual button otherwise.  

Furthermore, we use input listeners to deal with user in-
put. Input listeners include: 

• PoseListener,  
• FocusListener,  
• ChoiceListener, and  
• TextListener.  

A PoseListener receives position and/or orientation data 
from external devices such as trackers or from correspond-
ing objects. A FocusListener is notified once the correspond-
ing object is in focus, a ChoiceListener is called once the cor-
responding object is selected and a TextListener is called on 

<part class=”Artifact” id=”objectID”> 
  <style> 
    <property name=”type”>physicalObject</property> 
    <property name=”position”>0.0 -2.0 0.2</property> 
    <property name=”orientation”> 
          0.3 0.1 0.0</property> 
    <property name=”isVisible”>true</property> 
    <property name=”mayBePhysical”>true</property> 
  </style> 
… 
</part>

Fig. 6. An artifact described with our user interface definition lan-
guage. 
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text input irrespective of the modality. 
Spatial interaction techniques rely on PoseListeners. The 

position and/or orientation input can be used to create or 
manipulate objects. Command-based interaction listeners 
are supported by ChoiceListeners, FocusListeners, and 
TextListeners. Once a command has been recognized, the 
corresponding user interface element is notified. 

Finally, actions realize the application logic. They are de-
fined in a library and referenced in the user interface de-
scription. At runtime, an ApplicationAdapter calls the appli-
cation logic that is dynamically linked. 

We selected UIML [2] to implement the vocabulary. Fig. 
6 shows an Artifact described with UIDL. The user interface 
description is fed into our user interface render engine. This 
engine determines the devices of the local environment and 
combines this information with personal preferences and 
the current platform settings to generate an appropriate 
user interface. Sample renderings exist for a GUI based on 
Qt (www.trolltech.com) and for an Augmented Reality in-
terface based on the MORGAN API (see Section 4). An ex-
ample of a user interface based on our vocabulary can be 
found in the CONNECT project in Section 5.3. 

5 APPLICATION SAMPLES 
We now present a couple of AR applications, which 

have successfully been realized using our infrastructure for 
creating interaction techniques. The individual subsections 
introduce the interaction techniques realized (TABLE 1) and 
the mechanisms used. While this proves the usability of the 
overall approach, it also provides valuable insight into the 
capabilities and limitations of each mechanism. The exam-
ples also show that a single-track approach may not be 
adequate to achieve suitable results, which take into ac-
count user requirements but also keep up with technologi-
cal development in sufficiently complex applications. 

 
TABLE 1  

USED INTERACTION TECHNIQUES 

Interaction 
Technique 

mqube ARTHUR CONNECT 

Spatial Tangible Unit 
(TU, grey blocks 
with one to three 
dots in Fig. 7, 
left) 
View-pointer, a 
crosshair shown 
in the center of 
the user’s view 
(Fig. 7, left) 

3D pointers 
Placeholder 
Objects 

Movable parts of 
the exhibit (for 
example airfoil in 
Fig.11) 

Command-
based 

Voice commands  
Human Interface 
Device (HDI) 

Gestures 
Voice com-
mands 

Voice com-
mands 
Human Interface 
Device (HDI) 

Virtual control 3D menus 
3D tools 

3D menus 
3D tools 

3D menu 

Physical con-
trol 

Light control 
panel 
Stage control 
panel 
(Fig. 7, right) 

- Sensors (tem-
perature, CO2 
density) 
Human Interface 
Device (HDI) 

5.1 mqube 
Within the mqube project, we developed the Mixed Re-

ality Stage, an interactive AR environment for collaborative 
planning of stage shows and events [6]. The planners of an 
event usually use a model stage with downscaled props, 
miniature lights and jointed dolls to illustrate ideas. On the 
one hand, this approach is more cost efficient than assem-
bling real world objects on a real world stage. On the other 
hand, it contains a lack of dynamic and makes the planning 
of choreographies with jointed dolls impossible. To coun-
teract this lack, we used a model stage as a frame of refer-
ence and augmented it with appropriate virtual objects 
such as props or virtual characters. The Mixed Reality Stage 
user interface supports the spatiotemporal and the collabo-
rative aspects of the planning task. Therefore, we chose an 
approach that combines different interaction techniques 
(see TABLE 1) [22].  

While most parts of the final user interface were realized 
on top of the MORGAN API, the user interface description of 
the Mixed Reality Stage is partially based on an XML file. 
For example, it is possible to specify voice commands and 
the triggered actions, the look of 3D menus and tools, and 
the tracking devices used. The realization of this interface 
description provided useful insights regarding the devel-
opment of the current UIDL-based approach (Section 4.3). 
Interaction prototyping was used for the initial tests of the 
view pointer and for applying the input from the physical 
control units for lighting and stage control to the 3D scene. 

A well-suited technique for collaboration support is the 
use of graspable interfaces. The physical nature of the real 
objects restricts concurrent access. To realize private menus 
where the state of the individual menu is not shared among 
individual users, we relied on the mechanisms provided by 
our framework. 

5.2 ARTHUR 
ARTHUR [7] is a collaborative tabletop AR environment 
supporting architectural design and urban planning. The 
objective of ARTHUR was to create an interactive environ-
ment where architects, engineers, and customers involved 
in design and review meetings may collaborate without 
radically altering their established working procedures. We 
wanted to create a working environment where users 
would intuitively use the tools without a long training pe-
riod. This approach is reflected by the use of intuitive inter-
action techniques, which allow even untrained users to 

Fig. 7. 3D menu, view-pointer and tangible unit as user interface ele-
ments of the Mixed Reality Stage (left), stage control board and light-
ing board in front of the model stage (right) 
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quickly benefit from the enhancements provided by the AR 
environment. Additionally, existing tools such as a CAD 
system and simulation programs already used by potential 
customers were integrated, providing seamless transition 
between their individual everyday work and the collabora-
tive work at round table meetings. 

The interaction techniques available within ARTHUR 
are spatial, command-based, and virtual control interaction 
techniques (see Section 3). They are based on placeholder 
objects, pointers, and hand gestures.  

While the final tool for building user interfaces, GRAIL 
[27], was developed by a project partner based on our 
MORGAN API, basic interaction techniques were extensively 
tested using our interaction-prototyping approach. 

Although our application partners (architects) were 
quite familiar with desktop-based 3D interfaces, they had 
not used AR before. Thus, a set of tools using different in-
teraction techniques was created (see Fig. 8 and Fig. 9). We 
completely realized these tools as in-scene user interface 
descriptions based on interaction prototyping components. 

This approach allowed us to compare various input 
techniques for creating and manipulating 3D content 
within the AR environment. Several manipulation tools, for 
example to move, to rotate, to scale, and to change the color 
of objects were tested using audible or optical feedback, 
and different versions of highlighting and information 
feedback.  

When we incorporated support for multiple users within 
the ARTHUR system, we also tested multi-user interaction 
techniques. Again, our interaction prototyping mechanisms 
were applied. Fig. 9 shows two users operating a multimo-
dal menu-based interaction technique via microphone to 
activate a particular manipulation tool.  

To enable architects to interactively create and manipu-
late virtual CAD objects, the Microstation CAD system 
from Bentley Systems was integrated in the ARTHUR sys-
tem. This allows us to display arbitrary CAD models on top 

of the augmented round table and to modify the scene in 
real-time choosing a CAD desktop or the ARTHUR system 
itself. While changes such as creating, modifying or delet-
ing an object are sent to the CAD application to ensure the 
same behavior of commands, changes may also be made 
directly within the Microstation environment. In both cases, 
the results of the actions are distributed in real-time back to 
the system. As such, “full-fidelity” CAD models are created 
and interactively displayed by the system; there are no 
translation or conversion issues. Thus, the CAD model can 
be used in downstream design processes. 

The user interface for the CAD integration was realized 
with an early version of the UIDL described in Section 4.3. 
The employed version already allowed the description of 
elementary user interface elements and their hierarchical 
grouping. With the XML-based description, user interface 
elements could easily be adapted for different scenarios. 
The description was especially useful for mapping the AR 
user interface elements to elements of the CAD application 
(see Fig. 10). Unique identifiers for certain functionality 
available in the CAD application were added to the de-
scription file. At runtime, the corresponding functions were 
called when an AR user interface element was selected. 

5.3 CONNECT 
Within the CONNECT project [36], we developed mobile 
AR systems that are used by students in technical science 
centers to learn the content of the curriculum in an informal 
way. In each of three test runs, four different exhibits at 
four European sites are individually augmented by virtual 
objects, which serve a number of purposes. Scientific mod-
els of complex phenomena are visualized in situ, making 
the invisible visible. Sensor data collected at the exhibits is 
prepared and displayed in a comprehensive way. Audio-
visual introductory and background information, provided 
by the science centers, the teachers and the students, is pre-
sented around the exhibits. Interaction takes place either 
through the physical parts of the exhibits or via the user 
interface of the mobile AR system. 

At the Airfoil exhibit – used to teach why planes fly – a 
physical wing can be rotated inside the air stream of a fan 
(see Fig. 11). Depending on the wing angle and the air 
stream around the wing, the lifting forces change, resulting 
in a continuous update of the augmented 3D content. At the 
Airtrack exhibit – a test bed for many mechanics experi-
ments related to velocity, acceleration, force, and friction – 
gliders may be pulled along a track with dynamometers.  
The Biotube exhibit is used to explain photosynthesis of 
plants. By breathing into the tube, the CO2 level increases. 

Fig. 10. 3D user interfaces providing access to the CAD system, gen-
erated upon XML-based user interface descriptions 

Fig. 9. Two users constructing a building (left) and using different   tools
to manipulate objects, for example a color tool (right) 

Fig. 8. A user testing different interaction techniques using a 5-DOF 
Pointer (left) and a 3-DOF placeholder object (right) 
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This influences the augmented 3D content representing the 
oxygen and carbon dioxide concentration inside the tube. 
Neon lights may be switched on or off, influencing the pho-
tosynthesis process. The Hot Air Balloon Exhibit – demon-
strating the Bernoulli Principle – is controlled by a heater, 
which makes the balloon rise when it is close to it. Access to 
functionality specific to an exhibit is provided through 
menu items. This way, individual 3D content or a specific 
representation can be selected. Navigating through virtual 
menus and selection of menu entries is achieved by voice 
input or a human interface device with a button and a 
wheel. 

All three mechanisms provided by our infrastructure are 
integrated in the CONNECT project. After specifying user 
requirements, a prototype of the mobile AR system user 
interface was realized based on the interaction prototyping 
mechanism. For the improved version, all scenarios are 
specified in UIML based on the vocabulary proposed by us. 
This interface description language also serves as the inter-
face to a web platform developed by a project partner. The 
platform enables teachers to modify the content of the stu-
dents’ user interface. For the final version of the user inter-
face, the description is modified taking account of user tests 
performed with the two previous versions. 

With the UIDL described in Section 4.3 the user interface 
of the airfoil exhibit can be described using Label and Arti-
fact as controls and a PoseListener as an input listener. The 
physical wing is described as an Artifact with the may-
BePhysical attribute set to true. Once the wing is rotated, the 
PoseListener is notified. The new air speed, wing angle, air 
drag and gravitation values are calculated, and the corre-
sponding labels are updated. 

5.4 Discussion 
While all three mechanisms provided by our infrastructure 
were used in each of the applications presented in this pa-
per, the extent to which they were realized differed signifi-
cantly. All projects used the underlying MORGAN frame-
work benefiting from the device abstraction facilities. One 
of the lessons learned in this area was that even with an 
appropriate framework the integration of new devices 

(such as the physical control units in mqube) may require a 
significant amount of work as these units do not provide a 
suitable API to access. 

The API of the framework was used extensively in all 
applications. The actual applications and the final interac-
tion techniques including major parts of the user interface 
were realized on that level. In ARTHUR and mqube, this 
interface was even used by external project partners for 
their realization of more advanced user interface techniques 
or even GUI builder tools (ARTHUR). Those project part-
ners who were, for example, architects or media designers 
(i.e. no AR experts), would not have been able to contribute 
to the development without such a mechanism and an ap-
propriate device abstraction. However, the use of such a 
relatively low-level API also requires deep insight into the 
scene graph structure. This fact and the learning curve for 
the API itself were the main restraints for other developers. 
In all projects we also applied our interaction prototyping 
mechanism to early mock-ups and testing of user interface 
components and interaction techniques. It proved to be 
very flexible and even more powerful than we expected (for 
example in ARTHUR the 3D editing environment was 
originally planned to be programmed on the API level). 
Thus, certain remainders of this mechanism were often 
used even in the final applications as they proved to pro-
vide the required functionality and were easy to manipu-
late in the scene. The realization of more complex interfaces 
and techniques, however, proved to be difficult. One of the 
reasons was the text-based interface for assembling and 
configuring the appropriate components. Another reason 
was the lack of knowledge in object-oriented design of in-
teraction techniques or how to realize them based on the 
prototyping mechanism. A set of common interface mod-
ules requiring only minor adaptations to assemble a basic 
scene would have provided a better starting point. 

In all projects except the ongoing CONNECT project, the 
use of user interface descriptions was not originally 
planned. At a certain point during the development of the 
application interface however, the use of such a configura-
tion was always desirable in order to be flexible and to pro-
vide a relatively abstract high-level definition of the user 
interface. Thus, our approach in this area originally evolved 
from the experience made in the mqube project. For the 
CAD interface within ARTHUR, a much more elaborate 
approach was used, which was already very similar to the 
current mechanism. Even with such a general mechanism 
finally available, the CONNECT project showed that new 
applications will always require additional, simpler 
mechanisms in earlier project phases. 

We expect all three mechanisms to exist and to be ap-
plied in future projects. With appropriate support for 
graphical interaction modeling for the prototyping mecha-
nism or with a more powerful and more flexible approach 
for the user interface description the amount of API-based 
interaction techniques and user interface development will 
probably be further reduced in the future. Nevertheless, 
certain application-specific tasks, which require the use of 
low-level realization, will always remain. However, the 
amount of such developments compared to the other two 
mechanisms will definitely decrease. 

Fig. 11. Physical airfoil augmented by a virtual air stream around the
wing and supplementary information. 
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6 CONCLUSION AND FUTURE WORK 
In this paper, we presented our infrastructure for the sup-
port of realization of application-specific interaction tech-
niques in order to create individual and adaptable user in-
terfaces for AR environments. We identified the basic inter-
action techniques used in AR interfaces. Further, we intro-
duced the three mechanisms of our approach in detail. 
First, we presented our MORGAN framework, providing 
universal access to input devices and interface components 
while using a relatively low-level programming interface. 
Then, we showed how our component-based interaction 
prototyping mechanism can be used to model AR interac-
tion techniques in a very flexible manner. We further intro-
duced an interface description language allowing for inter-
face specifications irrespective of a specific environment 
and the devices available. Finally, we showed how these 
components had been successfully used in various AR pro-
jects to set up, develop, adapt, and at the end deploy cus-
tom interaction techniques and new user interface concepts. 

In our future work, we will continue to test and improve 
the capabilities of the user interface description engine, es-
pecially towards mobile devices and pervasive environ-
ments. We further intend to realize a visual editing and 
simulation environment for interaction prototyping 
mechanisms that simplify modeling of interaction tech-
niques while reducing the number of modeling errors. Fi-
nally, we are currently developing an object-oriented scene-
graph-based application model. This will naturally com-
plement our existing components. 
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