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Abstract : The popularity of Smartphones makes new fields of applications based on location 

based service easily feasible with a new user interface called augmented reality (AR). It presents 

a particularly powerful user interface to context-aware computing environments. AR on 

Smartphones integrates virtual information into a person's physical environment by overlaying 

information on an image taken through Smartphone’s camera and motion sensors. Mobile 

augmented reality systems provide this service without constraining the individual’s whereabouts 

to a specially equipped area. This work presents an overview of handheld augmented reality 

focusing on applications with introducing the basic issues of them. For this purpose, an example 

system, Studierstube ES (embedded system), is cited, which introduces the most significant 

problems and various methods of solving them through the experience of converting existing 

PC-based AR system into handheld AR.
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1. Introduction

 As the recent advances in network and 

wireless communications and semiconductor 

design and process technologies, our computing 

platform is rapidly shifting from desktop PCs 

to mobile devices such as UMPC (Ultra Mobile 

PC), Tablet PC, and Smartphone. A market 

research report projects that global 

Smartphone sales will achieve a compound 

annual growth rate of over 22% between the 

end of 2009 and the end of 2015, and that a 

total of 2.5bn Smartphone will be sold during 

the forecast period [1]. Consequently, 

Smartphone has emerged as the platform of  

LBS (Location-Based Services) combining with 

a new type of user interface called AR 

(Augmented Reality), the act of overlaying 

information on an image taken through 

Smartphone’s camera and motion sensors. 

Therefore, AR has became more and more 

accessible to both developers and consumers 

of the experiences and already has been 

becoming a recent focus of many companies, 

Layar [2] and Wikitude [3], with numerous 

application areas in the market. 

In a sense, AR has been around for years 

either as a concept or reality since the first 

augmented and virtual reality system, created 

by Ivan Sutherland [5] in 1968, which was 

based on optical see-through head-mounted 

display similar with a pilot's head-up display of 

today. After that in 1992, the AR was coined 

by Tom Caudell and David Mizell [6], 

researchers at aircraft manufacturer Boeing. 
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The term, AR was described by many 

authors with minor variations in the definition. 

The concept of AR is associated with virtual 

reality (VR) that creates an interactive artificial 

world, but AR also augments the real world 

with an artificial environment [4]. AR is a 

technology used to superimpose the physical 

objects on virtual imagery in real time [37]. 

According to Pang et al. [38], AR is a real 

environment augmented with virtual objects. 

Milgram [36] describes that AR is the subfield 

of the broader concept mixed reality (MR). We 

can define an AR system based on the most 

commonly accepted definition by Azuma [7], it 

combines real and virtual imagery, it is 

interactive in real time, and registered in 3D. 

Based on these characteristics, AR systems 

can be classified into three different kinds of 

point: display, tracking, and application. Each 

area can be categorized further: optical 

see-through, video see-through, and monitor in 

display; artificial and natural categories in 

tracking; indoor and outdoor applications in 

application. More detailed information will 

follow in the next section. 

From the view point of application, AR has 

been developed on both wearable computers 

and handheld devices. Although the significance 

of wearable computers cannot be ignored in 

AR applications, some issues are associated 

with these devices. These systems are 

complex, heavy, fragile, and difficult to use for 

untrained users. Adoptability and some social 

issues are another views associated with these 

systems. To cope with these difficulties, a 

number of handheld devices for AR applications 

and interfaces have been developed. First, 

researchers replaced backpack and 

head-mounted displays with Tablet PCs. And 

then Tablet PCs are being replaced with PDAs 

[8, 9, 10] and Smartphones because they are 

less free handheld and more expensive than 

PDAs and Smartphones. They are robust and 

easy to use for untrained users, but have less 

computing capabilities as compared to former 

devices. Therefore, new algorithms and code 

optimizations are required for the performance 

of AR applications on handheld devices. 

Smartphones today are fully featured 

high-end mobile phones featuring PDA 

capabilities, so that applications for 

data-processing and connectivity can be 

installed on them. They become more powerful 

than the desktops of the 1990 with a lot of 

functions – IrDa, Wi-Fi, Bluetooth, camera, 

internet, fax, email, text messages, music, 

video, GPS, calendar – available on finger tips 

[11]. As the processing capability of 

Smartphones is improving, their application use 

has been increasing. For examples, Jonietza 

[12] use their Smartphone to calculate the 

location of just about any object its camera is 

aimed at. As the Smartphone changes location, 

it retrieves the names and geographical 

coordinates of nearby landmarks from an 

external database. The user can then download 

additional information about a chosen location 

from the Web.  Rashid et al [13], Wagner et 

al [14], Henrysson et al [15], Olwal et al [16] 

utilize them as final mobile AR displays. They 

are also often used in conjunction with a 

stationary server, as in the case of Rauhala et 

al [17], where a notebook PC was also used 

as an intermediate central data processing unit.

This work presents an overview of 

handheld Augmented Reality focusing on 

applications with introducing the basic issues 

of them. For this purpose, an example system 

is cited, which introduces the most significant 

problems and various methods of solving them 

through the experience of converting existing 

PC-based AR system into handheld AR. 

The rest of this paper is organized as 

follows: Section 2 introduces several handheld 

ARs in historical order. Section 3 cites a 

sample system covering issues of software and 

hardware in handheld AR. Finally, Section 4 

summarizes this work.

Ⅱ. Mobile Augmented Reality

A number of systems were developed based 
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표 1. Hand-held AR 시스템

Table 1. An overview of hand-held AR systems

on the concept of AR in the history and they 

can be categorized according to many different 

kinds of view, some of which already 

introduced in the previous section. However, 

the purpose of this paper concentrates on the 

AR systems on handheld devices especially 

Smartphones. Therefore, the important AR 

systems in technical aspects are summarized in 

Table 1. After that this section mainly presents 

the mobile AR systems implemented using 

handheld devices, called mobile AR.

The AR systems can be categorized based 

on components [39]; mobile computing 

platforms, displays for mobile AR, tracking and 

registration, and environmental modeling. The 

Table 1 summarizes the characteristics of 

hand-held AR systems studied in this survey 

based on some of AR components. The 

hand-held systems summarized in Table 1 are 

discussed in the paper as referred in the table.

In the table, the most left column describes 

the application domain for which the specific 

hand-held AR system was developed. The next 

column tells the author’s technique for the 

developed AR system. And the next columns 

describe the tracking approach, application 

interface, display and devices used for the AR 

systems respectively.

As mentioned before, the popularity of 

mobile computers makes new fields of 

applications based on LBS easily feasible. That 

is, AR presents a particularly powerful user 

interface to context-aware computing 

environments. AR systems integrate virtual 

information into a person's physical 

environment so that he or she will perceive 

that information as existing in their 

surroundings. Mobile augmented reality 

systems provide this service without 

constraining the individual’s whereabouts to a 

specially equipped area. Ideally, they work 

virtually anywhere, adding a palpable layer of 

information to any environment whenever 

desired.

In order to facilitate the user anywhere, 

anytime with ease and based on 

context-awareness; mobile devices, especially 

handheld devices could play a significant role. 
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Chameleon, an AR system was created by 

Fitzmaurice [18] in 1993 for displaying 

spatially situated information with a tracked 

handheld device. A 4 inch screen was 

connected to a video camera for output. In 

1995, Jun Rekimoto and Katashi Nagao created 

NaviCam [19], a kind of palmtop computer 

having small video camera to detect real world 

environment. 

Touring Machine, the first outdoor mobile 

augmented reality system (MARS) was 

presented by Steve Feiner et al. in 1997 [20]. 

It consisted of backpack holding a computer, 

differential GPS and digital radio for wireless 

web access. A see-through head-worn display 

with integral orientation tracker and a handheld 

computer with stylus and touch pad were used 

for the system. The MagicBook – moving 

seamlessly between reality and virtuality, an 

interface contains handheld augmented reality 

display, a computer graphics workstation, and 

the physical book was presented by 

Billinghurst et al. in 2001 [21]. An image 

based object recognition and tracking method 

for mobile AR devices was presented by 

Gausemeier et al. within the AR-PDA project 

in 2003 [22].

A lot more research was conducted in this 

decade and a large number of AR applications 

were developed for handheld devices. Klein 

and Drummond [23], and Rashid et al. [13] 

developed edutainment and gaming applications 

based on AR for handheld devices. Various 

navigational and path finding AR applications 

were presented by Olwal [16], Azuma and 

Leonard [24], Elmqvist et al. [25], and 

Newman et al. [26] in 2006 for handheld 

devices.

A model-based hybrid tracking system for 

outdoor augmented reality was presented by 

Reitmayr et al. on a handheld device in 2006 

[27]. The system combines an edge-based 

tracker for accurate localization and gyroscope 

measurements to deal with fast motions. Nokia 

presented Mara, a multi-sensor mobile phone 

AR guidance application for mobile phones in 

2007. ARToolkitPlus, a pose tracking library 

successor of the ARToolkit was presented by 

Daniel Wagner and Dieter Schmalstieg in 2007 

[14]. The library was optimized and extended 

for the usage on mobile devices such as 

Smartphones, PDAs and Ultra Mobile PCs 

(UMPCs). 

A number of AR applications have been 

developed on smart phones. Chehimi et al. 

presented a system that allow complex and 

interactive visual 3D advertisement to be 

viewed on mobiles phones with camera in 2007 

[28].

Anders Henrysson and Mark Ollila presented 

a software framework for the development of 

ubiquitous mobile augmented reality (UMAR) 

applications [29]. Mathias Möhring et al. 

presented a first video see-through augmented 

reality system for tracking 3D markers on a 

mobile phone [30]. Anders Henrysson 

presented the famous AR-Tennis game, the 

first collaborative AR application running on a 

mobile phone [15]. The first real-time 6DoF 

implementation of natural feature tracking in 

real-time on mobile phones was presented by 

Wagner et al. in 2008 [31]. 

Ⅲ. Studierstube ES

This section introduces an example of 

mobile AR system, Studierstube ES, with 

detailed review of issues such as hardware, 

software, tracking, rendering and so on. This 

review focuses on the requirements and 

specific components of mobile AR systems. At 

the same time it will cover the important 

topics to be considered for implementing 

mobile AR system with close investigating the 

experience of converting PC-based AR into 

mobile computing platform. 

Studierstube [32] is a software framework 

developed at Graz University of Technology, 
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Austria for the development of AR applications. 

In [33], the authors described the development 

stages of AR applications for different 

platforms and showed the significance of 

mobile phone as a platform for AR applications. 

Initially PC based AR framework was ported to 

a phone platform. However, the result was 

unstable because phones required different 

algorithms and architectural decisions. In the 

third generation, Studierstube ES was 

developed, a framework to develop AR 

applications on mobile phones.

Different architectural issues were discussed 

to show the difference between PC and mobile 

phone, i.e. amount and bandwidth of memory, 

data handling per application, memory access 

speed, data transfer, etc. The limited code size 

is also one of the design constraints for mobile 

applications. The pros and cons of modular and 

monolithic approach were discussed. 

Development and debugging strategies of code 

were highlighted. It was discussed that 

developing code from previously written code 

may cause performance issue because the 

previous code may be for some other purpose. 

Writing code from the scratch is time taking 

and costly activity. 

CPU speed issue was also discussed 

because average PCs can run an application 5 

to 10 times faster than a fastest mobile 

device. These issues were highlighted to be 

kept in consideration for the design and 

development of mobile applications. Parallel 

execution is another issue that can be handled 

by multithreading or interleaving in mobile 

software to speed up operations like camera 

access and network communication. Here, AR 

pipeline was defined. AR application is a chain 

of activities like camera reading, pose tracking, 

network communication, application overhead, 

and rendering. These activities are dependent 

on each other; however can be executed in 

parallel using different techniques; camera 

reading on the available image instead of new 

image, asynchronous network communication, 

etc.

The following Section 3.2 addresses the 

performance issues by careful utilization of 

memory and fixed-point mathematics, mostly 

related with hardware architecture, and also 

predicts the future of mobile phone AR.

Here, some other limitations on mobile 

phones are introduced. They include memory, 

rendering speed, and computational power and 

cited from [33, 34, 35]

Memory bandwidth is one of the major 

limitations in the mobile phones. Mobile phones 

use unified memory architecture in which CPU, 

GPU, camera, and video share the same 

memory which increases the issue of memory 

bandwidth. Cache misses and battery life are 

also the associated issues with memory 

bandwidth. Proper usage of bandwidth is 

required for application performance. Selection 

of pixels format and graphics standards 

impacts on the memory bandwidth and hence 

on the performance. Cache usage can be 

improved by passing vertex data in an 

interleaved format. Scene-graph traversals 

should also be kept minimal for performance.

Rendering is another limitation that needs to 

be addressed.  It requires more device-specific 

optimization as compared to other steps in AR 

pipeline. The selection of APIs for mobile 

phones matters for optimal performance. 

OpenGL ES 1.x supports fixed-point data 

format whereas OpenGL 2.x does not support. 

Hardware rendering does not allow direct 

buffer access whereas software rendering 

allows but slow in texturing. It is better to 

render video background by copying it into 

frame buffer. 

Another considerable issue is the use of 

floating-point versus fixed-point data format 

for geometry. Floating point operations are 

very slow as compared to integer operations. 

Performance can be achieved by avoiding 

floating point operations. Dynamic code 

profiling is required to achieve the 

performance. Single precision floating-point can 
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be used instead of double precision to 

minimize arithmetic units and save memory 

bandwidth. The fixed-point usage reduces the 

precision and numeric range. Fixed-point 

programming is difficult but helps in achieving 

the fast performance for mobile applications.

The intensive tasks on mobile phones can 

be performed by using the servers. In this 

case, there are issues of connectivity in mobile 

phones and latency in the usage of servers. 

The use of servers could be an option to 

boost the performance. Another networking 

issue can be raised by massive multiuser 

applications.

The guidelines in this section show that the 

mobile phones must have different design goals 

compared with desktop and notebook. Mobile 

hardware will remain less capable than PCs 

unless a major breakthrough occurs in 

embedded-circuit or battery research. 

Therefore, followings should be carefully 

considered to achieve high performance AR in 

mobile devices: conservative memory 

bandwidth usage, device-specific optimization 

for rendering, dynamic code profiling to avoid 

floating point operations, and the idea of 

treating networking as an option to enable 

special features or boost performance. This 

section also gives the outlook on what to 

expect in the near future as followings. 

Hardware floating-point units continuously very 

rare in mobile phones. But many phones will 

have hardware support for OpenGL ES 2.0. 

Currently due to power limitations, processing 

power of mobile phones cannot be increased 

dramatically. However, other special purpose 

units for graphics, video processing and digital 

signal processing can be introduced with the 

CPU. The cross-platform APIs, such as 

OpenKODE or OpenCl will allow access to 

these features.

Studierstube ES is a framework for the 

development of handheld AR applications using 

asymmetric client-server architecture as well 

as to provide the abstraction between 

hardware and APIs [34]. Figure 1 shows the 

block diagram of its software stack. Its lower 

levels consisting of Core, Math, IO, Tracker, 

and Muddleware provide the basic functionality 

required by an AR system. Studierstube ES 

and SG (Scene Graph) combine these services 

in a high-level layer for applications; and the 

entire software stacks can be implemented 

utilizing  either fixed-point or floating- point 

instruction sets for device specific applications.

그림 1. 소프트웨어 스택 [34]

 Fig. 1.  Software stack [34]

Studierstube ES applications are typically 

running on a client-server system for 

multi-users. Server components run on an 

average PC, which is known as Muddleware 

and provides the functionality of handling 

multi-user communications for mobile devices 

with the feature of a high speed XML server  

and contents management.

그림 2. Muddleware 구성 [35]

 Fig. 2. Muddleware components [35]
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It is composed of three main parts; a XML 

database, a networking component, and a 

controller as shown in Fig. 2. Clients can run 

independently and make wireless connections 

to the server.

Originally, Studierstube ES had been 

intended to be compatible with the PC-based 

Studierstube by porting it to handheld platform. 

Unfortunately, it was not successful; later on, 

it was optimized for handheld devices targeting 

small form factor devices ranging from 

Smartphones to ultra-mobile PCs. Here, this 

experience shows an important guideline for 

developing mobile softwares. In PC 

environments, the development of code from 

previously written code may minimize the 

development cost and time. This approach is 

not feasible for porting PC applications on 

mobile phones because the devices are not 

very fast. A very fast mobile phone is still 

slow as compared to an average PC. 

Therefore, the library specifically developed 

for mobile phones is a better choice.

Fiducial tracking, a fundamental requirement 

of any AR system, is the process to find one 

or more multiple markers in camera to 

estimate the corresponding pose for registering 

of real and virtual objects. ARToolKitPlus [14], 

a tracking library is used for better quality and 

performance of tracking on handheld devices. 

Here, the tracking is defined with 5 stages of 

pipeline: thresholding, fiducial detection, 

rectangle fitting, pattern checking, and pose 

estimation.

Thresholding is the process to convert the 

input image into binary image for the detection 

of black and white portion of the fiducial 

markers. Fiducial markers are detected by 

scanning line to find the sequence of white 

followed by black pixels. Rectangles are 

identified from polygons by finding exactly 4 

corner points and straight lines between 

corners. Finally, the camera pose is estimated 

from the corner points in marker tracking. The 

accuracy of the corner points is checked for 

stable estimation. Harris corner detector is 

used to check the accuracy of corner points.

Fixed point arithmetic can be used for 

real-time applications by choosing 

well-behaved algorithms and optimized 

computation to increase the performance of 

embedded devices. Bandwidth is one of the 

performance issues in the embedded devices. 

Careful selection of pixel formats can minimize 

the impact on performance. The tests on 

different benchmarks for tracker’s performance 

showed that the marker size does not affect 

the tracking speed. The tracking computation 

is basically CPU bound and not be affected by 

operating system.

3D graphics rendering is also very 

important in AR systems. There is a need of 

modern graphics’ algorithms and techniques 

instead of dedicated GPUs. OpenGL ES 

(embedded subset) and Direct3D Mobile are 

the graphics standards for embedded GPU 

hardware. The challenge is to balance the load 

of graphics content for the software and 

hardware rendering. Scene graph is an 

architectural pattern for rendering engine. 

There are limited and specific rendering 

engines for handheld devices. A custom scene 

graph for Studierstube ES was developed from 

the design idea of Coin3D, a scene graph for 

PC platform.

Finally, two cases of field test for handheld 

AR were developed. One was a location-based 

treasure hunt game, which supported 2D GUI 

elements, Flash animations, scripted AR 

content, and custom AR content. Various tools 

like MagicDraw and Maya were used for 3D 

modeling. The developed game was tested in 

the exhibition median.welten (Technisches 

Museum) in Vienna, Austria in 2006. The other 

larger game, “Expedition Schatzsuche” was 

developed for Carinthia State Museum, Austria 

in 2007. The game was designed to solve 

puzzles and other tasks associated with the 

exhibits. The handheld device, Gizmondo with 

400 MHz ARM CPU, 64 MB RAM, GoForce 

4500 GPU, a screen size of 320*240 pixels 

and Bluetooth, based on Windows CE was 
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selected as a game console.

In summary, this section introduced a 

complete handheld AR framework, based on an 

asymmetric client-server technique. The guide 

line is that the development should be specific 

to mobile devices instead of utilizing previously 

written codes by considering the restrictions of 

mobile phone platforms. And other key 

technical issues of mobile AR such as fiducial 

tracking, fixed point arithmetic, and 3D 

graphics were covered. Also, two examples of 

implementation shows the feasibility of AR 

applications on handheld devices.

IV. Conclusion

This work presents an overview of 

handheld Augmented Reality focusing on 

applications with introducing the basic issues 

of them. For this purpose, Studierstube ES, a 

framework for the development of handheld AR 

is cited, which introduces the most significant 

problems and various methods of solving them 

through the experience of converting existing 

PC-based AR system into handheld AR. The 

results show that the mobile phones must have 

different design goals compared with desktop 

and notebook because of less capability. 

Details on the issues of AR on mobile devices 

are covered including critical tracking and 

rendering components, and a client-server 

architecture for multi-user applications. These 

factors show that mobile AR already has 

started to become the main computing stream.

Finally, for AR on handheld devices to 

become commonplace we can expect more 

progress on implementing real-time natural 

feature tracking with accuracy and reliability. 

Furthermore, the limited computational 

resources should be upgraded by considering 

size, weight, and battery life. And the area of 

exploiting dedicated 3D processing units for 

rich mobile AR contents and applications 

should be considered.
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