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Abstract. Augmented Reality (AR) research has been conducted for several 
decades, although until recently most AR applications had simple interaction 
methods using traditional input devices. AR tracking, display technology and 
software has progressed to the point where commercial applications can be de-
veloped. However there are opportunities to provide new advanced interaction 
techniques for AR applications. In this paper we describe several interaction 
methods that can be used to provide a better user experience, including tangible 
user interaction, multimodal input and mobile interaction. 
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1   Introduction 

Augmented Reality (AR) is a novel technology that allows virtual imagery to be 
seamlessly combined with the real world. Azuma identifies the three key characteris-
tics of Augmented Reality: combining real and virtual images, the virtual imagery is 
registered with the real world, and it is interactive in real time [1]. These properties 
were a key part of the first AR application created over 40 years ago by Sutherland 
[2], and since then many interesting prototype AR applications have been developed 
in domains such as medicine, education, manufacturing, and others. 

Although AR has a long history, much of the research in the field has been focused 
on the technology for providing the AR experience (such as tracking and display  
devices), rather than methods for allowing users to better interact with the virtual con-
tent being shown. As Ishii says, the AR field has been primarily concerned with 
“..considering purely visual augmentations” [3] and while great advances have been 
made in AR display technologies and tracking techniques, interaction with AR envi-
ronments has usually been limited to either passive viewing or simple browsing of 
virtual information registered to the real world.  

For example, in Rekimoto’s NaviCam application a person uses a handheld  
LCD display to see virtual annotations overlaid on the real world [4] and but cannot 
interact with or edit the annotations. Similarly Feiner’s Touring Machine outdoor AR 
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application [5] allowed virtual labels to be placed over the buildings in the real world, 
but once again the user could not manipulate the virtual content.  

Before AR technology can be widely used, there is a need to explore new interac-
tion methods that can provide an enhanced user experience. In this paper we describe 
several advanced interaction techniques that could be applied to the next generation of 
AR experiences, including tangible object input, multimodal interaction and mobile 
phone manipulation. The common thread through these techniques is that it is tangible 
interaction with the real world itself than can provide one of the best ways to interact 
with virtual AR content. 

In the remainder of this paper we first review related work and describe the need 
for new AR interface metaphors. We then describe the Tangible AR interaction meta-
phor and show how it can applied in the MagicCup AR application. Next we show 
how speech and gesture commands can be added to the Tangible AR method to create 
multimodal interfaces. Finally we discuss how these same methods can be applied in 
mobile AR settings, and discuss directions for future research. 

2   Background Research 

When a new interface technology is developed it often passes through the following 
stages: 

1. Prototype Demonstration 
2. Adoption of Interaction techniques from other interface metaphors 
3. Development of new interface metaphors appropriate to the medium 
4. Development of formal theoretical models for user interactions 

For example, the earliest immersive Virtual Reality (VR) systems were just used to 
view virtual scenes. Then interfaces such 3DM [6] explored how elements of the  
traditional desktop WIMP metaphor could be used to enable users to model immer-
sively and support more complex interactions. Next, interaction techniques such as 
the Go-Go [7] or World in Miniature [8] were developed which are unique to VR and 
cannot be used in other environments. Now researchers are attempting to arrive at a 
formal taxonomy for characterizing interaction in virtual worlds that will allow devel-
opers to build virtual interfaces in a systematic manner [9]. 

In many ways AR interfaces have barely moved beyond the first stage. The earliest 
AR systems were used to view virtual models in a variety of application domains such 
as medicine [10] and machine maintenance [11]. These interfaces provided a very 
intuitive method for viewing three dimensional information, but little support for  
creating or modifying the AR content.  

More recently, researchers have begun to address this deficiency. The AR modeler 
of Kiyokawa [12] uses a magnetic tracker to allow people to create AR content, while 
the Studierstube [13] and EMMIE [14] projects use tracked pens and tablets for se-
lecting and modifying AR objects. More traditional input devices, such as a hand-held 
mouse or tablet [15][16], as well as intelligent agents [17] have also been investi-
gated. However these attempts have largely been based on existing 2D and 3D  
interface metaphors from desktop or immersive virtual environments.  
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In our research we have been seeking to move beyond this and explore new inter-
action methods. Unlike most other desktop interface and virtual reality systems, in an 
AR experience there is an intimate relationship between 3D virtual models and physi-
cal objects these models are associated with. This suggests that one promising  
research direction may arise from taking advantage of the immediacy and familiarity 
of everyday physical objects for effective manipulation of virtual objects. 

Recently researchers have been investigating computer interfaces based on real ob-
jects. For example in ubiquitous computing [18] environments the computer vanishes 
into the real world, while Tangible User Interface (TUI) [3] research aims to allow 
people to use real objects to interact with digital content. For example in the Triangles 
TUI interface [19], physical triangles with characters drawn on them are assembled to 
tell stories while a visual representations of the stories are shown on a separate moni-
tor distinct from the physical interface. Similarly, in the Urp application [20] the user 
can manipulate real model buildings while seeing projections of virtual wind and 
shadow patterns appearing on a table under the buildings. In both of these examples 
the use of physical objects to control the interaction with the virtual content makes it 
very easy to intuitively use the applications. Although the use of tangible user inter-
face metaphors have been explored in projected environments, they have been less 
used in AR applications.  

In addition to using physical objects to interact with AR content, there is also inter-
esting research that can be performed in involving other input modalities, such as  
adding speech and gesture input. For example, users could issue combined speech and 
gesture commands to interact with the virtual content.  

One of the first interfaces to combine speech and gesture recognition was Bolt’s 
Media Room [21] which allowed the user to interact with projected graphics through 
voice, gesture and gaze. Since then, speech and gesture interaction has been used in 
desktop and immersive Virtual Reality (VR) environments. Weimer and Ganapathy 
[22] developed a prototype virtual environment that incorporated a data glove and 
simple speech recognizer. Laviola [23] investigated the use of whole-hand gestures 
and speech to create, place, modify, and manipulate furniture and interior decorations.  

However, there are relatively few examples of AR applications that use multimodal 
input. Olwal et al. [24] introduced a set of statistical geometric tools, SenseShapes, 
which use volumetric regions of interest that can be attached to the user, providing 
valuable information about the user interaction with the AR system. Kaiser et al. [25] 
extended this by focusing on mutual disambiguation between speech and gesture  
input to improve interpretation robustness. This research is a good start but more 
work needs to be done on how best to use speech and gesture input in an AR setting. 

A final area of interest for advanced interaction techniques is in mobile and hand-
held AR. In recent years AR applications have migrated to mobile platforms, includ-
ing Tablet PCs [26], PDAs [27] and mobile phones [28]. The mobile phone is an ideal 
platform for augmented reality (AR). The current generation of phones have full  
colour displays, integrated cameras, fast processors and even dedicated 3D graphics 
chips. Henrysson [29] and Moehring [28] have shown how mobile phones can be 
used for simple single user AR applications. 

Most handheld and mobile AR applications currently use very simple interaction 
techniques. For example, the Invisible train AR application [27] uses PDAs to view 
AR content and users can select virtual models directly by clicking on the model with 
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a stylus. The Siemen’s Mosquito mobile phone AR game [30] shows virtual  
mosquitos that can be killed with a simple “point and shoot” metaphor, while the AR-
PAD interface [31] is similar, but it adds a handheld controller to an LCD panel, and 
selection is performed by positioning virtual cross hairs over the object and hitting a 
button on the controller. 

As more mobile devices are used to deliver AR experiences then there is an oppor-
tunity to explore improved interaction techniques that move beyond simple point and 
click. In section 5 we will discuss this in more detail. 

3   Tangible Augmented Reality Interfaces 

By considering the intimate connection between the physical world and overlaid AR 
content, we believe that a promising new AR interface metaphor can arise from com-
bining the enhanced display possibilities of Augmented Reality with the intuitive 
physical manipulation of Tangible User Interfaces. We call this combination Tangible 
Augmented Reality [32].  

Tangible AR interfaces are extremely intuitive to use because physical object ma-
nipulations are mapped one-to-one to virtual object operations. There are a number of 
good tangible design principles can be used to create effective AR applications. Some 
of these principles include: 

− The use of physical controllers for manipulating virtual content. 
− Support for spatial 3D interaction techniques (such as using object proximity). 
− Support for multi-handed interaction. 
− Matching the physical constraints of the object to the task requirements. 
− The ability to support parallel activity with multiple objects  
− Collaboration between multiple participants 

In the next section we give a case study showing how these design principles are 
combined in an example AR application.  

3.1   Case Study: The Magic Cup 

A good example of how tangible interaction methods can be applied in an AR experi-
ence is with the MagicCup interface. The MagicCup is a cup-shaped handheld  
compact AR input device with a tracker that detects six-dimensional position and 
pose information (see figure 1). MagicCup uses the interaction method of “covering,” 
which employs it novel “shape that can hold an object.” The “shape that can hold an 
object” and the interaction method of “covering” are useful for the virtual objects 
within arm’s reach. A human’s action when using the cup is as follows. In an interac-
tion with a virtual object, there is one action — “Cover.” In the actions with just the 
cup, except for the general relocation action, the variety of actions is limited to about 
five actions — “Put,” “Slide,”“Rotate,”“Shake,” and “Incline.” According to Tangible 
AR, we need to make natural reactions of the virtual objects responsive to these  
actions. This allows users to build the right mental model easily. 
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Fig. 1. MagicCup Input Device 

  

Fig. 2. Magic Cup Manipulation Methods 

We assigned human actions to the reactions of the virtual object (Figure 2. A user 
holds the cup upside down and controls the virtual objects. (1) in Figure 2 shows  
selection. (2)(3)(4) show manipulation. (5)(6) show system control. 

4   Multimodal Interfaces 

Like the MagicCup example above, most of the current AR interfaces use a single 
input modality to interact with the virtual content. However Tangible AR interfaces 
have some limitations, such as only allowing the user to interact with the virtual con-
tent that they can see.  To overcome these limitations we have been exploring speech 
and gesture interaction in AR environments.  



18 M. Billinghurst, H. Kato, and S. Myojin 

Our example multimodal system is a modified version of the VOMAR application 
[33] for supporting tangible manipulation of virtual furniture in an AR setting using a 
handheld paddle. VOMAR is a Tangible AR interface that allows people to rapidly 
put together interior designs by arranging virtual furniture in empty rooms. Originally 
objects were manipulated using paddle gesture input alone and the AR Application is 
based on the ARToolkit [34] library and the VOMAR paddle gesture library. 

To create a multimodal interface we added the Ariadne [35] spoken dialog system 
to allow people to issue spoken commands to the system using the Microsoft Speech 
5.1 API as the speech recognition engine. Ariadne and the AR Application communi-
cate with each other using the middleware ICE [36]. A Microsoft Access database is 
used to store the object descriptions. This database is used by Ariadne to facilitate 
rapid prototyping of speech grammar.  

To use the system a person wears a head mounted display (HMD) with a camera 
on it connected to the computer. They hold a paddle in their hand and sit at a table 
with a large workspace sheet of markers on it and a set of smaller menu pages with 
six markers on each of them (Figure 3a). When the user looks at each of the menu 
pages through the HMD they see different types of virtual furniture on the pages 
(Figure 3b), such as a set of chairs or tables. Looking at the workspace they see a 
virtual room. The user can then pick objects from the menu pages and place them in 
the workspace using combined paddle and speech commands. The following are some 
commands recognized by the system: 

− Select Command: to select a virtual object from the menu or workspace, and place 
it on the paddle, eg "Select a desk". 

− Place Command: to place the attached object at the paddle location in the work-
space, eg "Place here" while touching a location. 

− Move Command: to attach a virtual object in the workspace to the paddle so that it 
follows the paddle movement, eg "Move the couch". 

To understand the combined speech and gesture, the system must fuse inputs from 
both input streams into a single understandable command. When a speech recognition 
result is received from Ariadne, the AR Application checks whether the paddle is in 
view. Next, depending on the speech command type and the paddle pose, a specific  

 

  

Fig. 3a. Using the system Fig. 3b. The user’s view 
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action is taken by the system. For example, consider the case when the user says "grab 
this" while the paddle is placed over the menu page to grab a virtual object. The sys-
tem will test the paddle proximity to the virtual objects. If the paddle is close enough 
to an object, the object will be selected and attached to the paddle. If the paddle is not 
close enough, the object will not be selected. 

In a user study of the system [37], when using speech and static paddle interaction, 
participants completed the task nearly 30% faster than when using paddle input only. 
Users also reported that they found it harder to place objects in the target positions 
and rotate them using only paddle gestures, and they also said they liked the multimo-
dal input condition much more than the gesture only input condition. These results 
show that by supporting multimodal input users are able to select the input modality 
that best matches the task at hand, and so makes the interface more intuitive. 

5   Mobile AR Interfaces 

As mentioned in the introduction there is a need for new interaction techniques for 
mobile AR experiences. There are a number of important differences between using a 
mobile phone AR interface and a traditional desktop interface, including: 

− limited input options (no mouse/keyboard) 
− limited screen resolution 
− little graphics support 
− reduced processing power 

Similarly, compared to a traditional HMD based AR system, in an AR application on 
a phone the display is handheld rather than headworn, and the display and input de-
vice are connected. Finally, compared to a PDA the mobile phone is operated using a 
one-handed button interface in contrast to a two-hand stylus interaction. 

These differences mean that interface metaphors developed for Desktop and HMD 
based systems may not be appropriate for handheld phone based systems. For exam-
ple, applications developed with a Tangible AR metaphor [32] often assume that the 
user has both hands free to manipulate physical input devices which will not be the 
case with mobile phones. 

We need to develop input techniques that can be used one handed and only rely on 
a joypad and keypad input. Since the phone is handheld we can use the motion of the 
phone itself to interact with the virtual object. Two handed interaction techniques [38] 
can also be explored; one hand holding the phone and the second a real object on 
which AR graphics are overlaid. This approach assumes that phone is like a handheld 
lens giving a small view into the AR scene. In this case the user may be more likely 
move the phone-display than change their viewpoint relative to the phone. The small 
form factor of the phone lets us explore more object-based interaction techniques 
based around motion of the phone itself (Figure 4). 

We conducted a recent user study [39] exploring interaction techniques where a 
virtual block is attached to the mobile phone and the phone was moved to position the 
block. We found that people were able to accurately translate a block 50% faster 
when it was attached to the phone, than when using phone keypad input. However 
object-based interaction techniques were twice as slow for rotating objects compared  
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Fig. 4. Interaction using a mobile phone 

to keypad input. The results show that using a tangible interface metaphor provides a 
fast way to position AR objects in a mobile phone interface because the user just has 
to move the real phone where the block is to go. However, there seems to be little 
advantage in using our implementation of a tangible interface metaphor for virtual 
object rotation. 

6   Conclusions 

In order for Augmented Reality technology to become more mainstream there is a 
need for new interaction techniques to be developed that allow people to interact with 
AR content in a much more intuitive way. In this paper we review several advanced 
interaction techniques based on the tangible AR metaphor which combines tangible 
user interface input techniques with AR output. 

The MagicCup application shows how using tangible AR design principles can 
produce a very intuitive user interface. Combining speech and gesture input can create 
multimodal interfaces that allow users to interact more efficiently than with either 
modality alone. Finally, we show how the tangible AR metaphor can also be applied 
in mobile AR interfaces to move beyond traditional input methods. 

In the future more evaluation studies need to be performed to validate these tech-
niques. User centered design approaches could also be applied to transfer these  
research ideas into commercial applications that meet the needs of a variety of appli-
cation domains. Finally, formal theoretical models could be developed to predict user 
performance with a variety of tangible AR methods. 
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