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ABSTRACT 

 
We propose context-aware mobile systems for managing and using services on the behalf of the user. Context-aware 
mobile systems perceive environmental signals, infer the context (i.e. the state of the system and its local environment) 
from these signals, and calculate appropriate actions for the detected context. In its simplest form, such a system can be 
a mobile telephone adjusting its profile based on the noise level and brightness of the environment. A personal robot 
equipped with a vision system and a manipulator is a more complex example of a context-aware mobile system. 

Context-aware mobile systems both manage the available services and use them on behalf of the user or guide the user 
in using them. A portable system offers a single interface for a variety of services. The role of a personal robot is to 
enhance some services so as to make them more suitable to the user. Both portable and robotic systems are controlled 
by a system capable of recognizing the user’s context and reasoning out actions that would optimally serve the user in 
the situation at hand. 

In this paper, we will present our software architecture for context-aware service management and utilization, our 
approach for controlling personal robots, and our work on virtual and natural interfaces for interacting with a personal 
robot.  
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1. INTRODUCTION 
Nowadays people can be connected to the information network practically anytime and anywhere. This leads to an 
oversupply of information – too much information and too many diverse sources are competing for people’s attention. 
We claim that this is only the first symptom of a more severe phenomenon – an oversupply of resources. In addition to 
information, users will soon face increasing numbers of sensors, computing units and various controllable devices 
ranging from motorized doors to mobile robots. Telecommunication technology aims to integrate these devices into a 
complex network providing a vast number of services to the user. 

Such a vast number of available services challenges the user and raises several questions: How is the user to remember, 
in a given situation, that there is a resource that could help her in that situation? Or if the user remembers the resource, 
how is she going to locate it? And even if she finds it, how can she remember how to use it? Or, she may even 
remember all the necessary details but the service might simply be too difficult to use. A further problem is that the 
service might require more resources from the user than she has or can afford in the situation at hand. An artistic 
scenario of an instance of resource overload is shown in Figure 1. 

For example, a rapidly increasing number of services based on positioning are available. The responsibility for 
remembering the particular service useful at some location should not be left to the user. As another example, the user 
might remember everything she read from a video recorder’s manual, but the task of setting the timer might still be too 
difficult. Finally, an elderly person with decreased functional capacity might otherwise be able to stay in her home, but 
she might need some assistance in her daily routines. 

We propose context-aware mobile systems for managing and using services on behalf of the user (or guiding the user in 
using them). Context-aware mobile systems perceive environmental signals, infer the context (i.e. the state of the 
system and its local environment) from these signals, and calculate actions appropriate in the detected context. In its 
simplest form, such a system can be a mobile telephone adjusting its profile based on the noise level and brightness of 
the environment. A service robot equipped with a vision system and a manipulator is a more complex example of a 



context-aware mobile system. These systems transform the environment with all the devices and services into a smart 
environment serving the user on the basis of her needs and hiding the details irrelevant to the user in the context. 

 

 

Fig. 1. Oversupply of resources and services will soon be reality. 

In the above example, a portable context-aware terminal automatically offers for the user the service she needs in her 
current situation. The system takes the location, the user’s task, and other contextual information into account when 
reasoning out a suitable service. Furthermore, the user can set the video recorder’s timer through a user-friendly 
interface presented on the user’s portable terminal – and then let the system take care of the details. The terminal offers 
a single interface for all available services. Finally, a personal robot helps an elderly person in her daily routines. The 
role of the robot is to enhance some services so as to make them more suitable to the user. In this example, the robot 
helps a user whose functional capability has deteriorated. In an office, the robot might perform tasks on the behalf of a 
busy worker. 

In the next chapter, we present our solution for context-aware service management and utilization. Here, our work 
focuses on context recognition and a distributed architecture supporting context recognition and utilization. The third 
chapter discusses our approach for interacting with and controlling a mobile robot. We suggest intelligent teleoperation 
for controlling a mobile robot. In this approach, the control system takes care of low-level actions. The teleoperation 
approach makes it possible both to produce working prototypes (and hence applications) at an early stage and to enable 
the complete robotic system to be developed gradually. For interacting with personal robots (and other services), we 
suggest virtual and natural interfaces. We utilize mobile code to create in the user’s terminal a virtual user interface for 
a service. Our system for tracking human skin serves as the basis for interacting with the robot using gestures and 
expressions. The fifth chapter describes some application scenarios, and the last chapter contains the conclusions. 

2. CONTEXT-AWARE SERVICE MANAGEMENT AND UTILIZATION 
We are developing a software architecture for managing and using services on behalf of the user. This Genie of the Net 
architecture collects information from sensors and databases, recognizes context based on this information, chooses 
relevant actions to serve the user on the basis of the recognized context, and performs the chosen actions. In its 
operation, Genie also utilizes other components of the smart environment [1]. 

The Genie of the Net architecture is presented in Fig. 2. The Sensor Agent collects and preprocesses data from sensors. 
The Context Agent recognizes the user's context from this data and other available information. The Information Agent 
offers information for the other agents and stores the sensor data and a description of the recognized context for later 
use. The Active User Agent exploits the recognized context in choosing actions serving the user. The agent can, for 
example, request the User Interface Agent to present information to the user. In addition to scanning the context, the 
User Agent bases its reasoning on a user model containing different kinds of information about the user: name and other 



basic data, access rights, habits, plans, etc. Furthermore, the User Agent cooperates with the other agents. Personal 
robots inhabit the environment and are controlled by the Genie system through the information network. Our aim is that 
robots and humans might co-operate and, in the future, even make up teams. In Figure 3, other agents include personal 
robots.  

 

 

 

Fig. 2. An agent-based architecture for context-aware service management. 

These personal robots are capable of operating in our daily environment and co-operating with humans and other 
robots. To implement a robot of this kind, new skills must be developed for the robot. Its control system must be able to 
cope with several objects and possibly other mobile agents parallel to operating in its premises.  It should have a rich 
and dynamic description of the environment and therefore requires powerful sensors. Natural interaction with human 
beings is also necessary. 

These robots are an essential part of the smart environment. The way they behave and operate will be strongly related to 
the information network available. Figure 2 has been drawn from the human agent’s point of view. A similar 
description could also be given starting from the robot’s requirements and possibilities. The robot can use the 
information network to accomplish its tasks. For example, co-operative action can be done more precisely by utilizing 
another robot’s sensor.  

The location of the devices, sensors and their processing units may vary. Many tasks can be performed by technologies 
embedded in the environment.  A robot can be used to search a missing person, or the same task can be assigned to 
cameras placed in the environment. A robot can turn off a device, but the device can also be connected to an automatic 
network. Furthermore, a door may be opened by a robot, or a motorized door can be used. Devices simpler than a robot 
are sufficient for many tasks, provided they have the capability to communicate and can thus be reached via a network. 
Even a wheeled walker (walking aid) equipped with a GPS and a communicator could be such a device. Furthermore, 



other context-aware mobile systems (e.g. wearable systems) resemble mobile robots and operate in the same 
environment. 

3. INTERACTING WITH A PERSONAL ROBOT 
To develop a mobile robot capable of executing complex tasks in a dynamic environment, we selected the approach of 
first building a teleoperated robot and then gradually shifting tasks from the human to the robot. This approach enables 
complex tasks to be performed as soon as teleoperation is operational. This speeds up the research on human-robot 
interaction, as complex interactions can be analyzed at an early stage of research. Furthermore, in many applications, 
human operators can be left in the control loop to analyze the data collected by the robot or to solve the tasks too 
difficult for the robot. This means that the robot is more like an assistant co-operating with the user than an 
autonomously operating device.  

From the opposite perspective, the robot is a resource helping the user in using the services she needs in her activities. 
The robot enhances the user’s resources – or may even enable some services the user is unable to do by herself. The 
user can control the robot through a virtual interface – a user interface integrated in the user’s portable terminal. Users, 
portable terminals, and personal robots are located in the smart environment. Both robots and portable terminals are 
connected to the information network in a wireless fashion. The system managing services on behalf of the user uses 
these devices in addition to all the other devices and information sources. 

Providing for the user a single interface to all (or, at least, most) available services is essential in managing the service 
overflow. For this purpose, we have developed a technique based on a mobile code paradigm, which allows humans to 
use a single control device to interact with robots and other ubiquitous embedded systems [2,3].  To realize a view for 
teleoperation, virtual reality glasses with a mapped view of a hemispherical image can be used [4,5]. A hemispherical 
camera system with virtual reality glasses seems to provide a natural way of viewing. A remote monitoring application 
of this kinds is well compatible with mobile systems due to its real-life characteristics. Although providing sufficient 
video image rates through wireless channels requires more work and the quality of the image provided by omni-
directional cameras is not adequate for all applications, preliminary systems can be created with the existing 
technology. 
 
The role of a control system is important even when the robot’s operation is partly controlled by humans. The mobile 
robot should have a reactive control system to regulate its operation. This means that a context-aware control system is 
required. It should also have a goal-oriented part to be able to do some tasks autonomously. The reactive part of the 
control system makes teleoperation intelligent in the sense that it can overrule human commands that would cause the 
robot to collide. The challenge for the goal-oriented part is that, in order to be useful in practice, a personal robot should 
be capable of learning.  

The following sections describe our work on virtual and natural interfaces. The last section presents our approach for 
intelligent teleoperation. 

3.1 VIRTUAL USER INTERFACE 

In the future, interaction between humans and personal robots will become increasingly important, as robots will, more 
and more, operate as assistants that help us in our everyday life. Because of this, there will be a need for convenient, 
flexible, and general-purpose interaction techniques to be used between robots and humans. In addition, these same 
techniques should also be used to interact with other ubiquitous embedded systems in smart environments. In the 
following paragraphs we will introduce a technique utilizing mobile code and mobile augmented reality to create a 
virtual user interface for mobile robots. The main sensor has vision realized by an omnidirectional camera. 

We use a handheld control device to control various embedded systems that are located in our environment. We assume 
that a personal mobile robot is just another embedded system. The device contains processor, memory, and display 
capacities that are comparable to, or even exceed, those in the current laptop computers. It communicates with 
embedded systems by using a high-speed wireless communication link that has a very limited range, perhaps only up to 
10-20 meters. The control device also contains a temporal Internet connection.  
 



When the user wants to interact with an embedded system, the control device first downloads, by using a mobile code 
protocol and a local link, a mobile code from the selected system. Once executed in a corresponding execution 
environment, this code creates a virtual user interface (VUI) for the system. During its execution, the code uses the 
services provided by the control device to communicate with the corresponding embedded system. This communication 
can utilize any internal protocol available between the VUI and the embedded system. Figure 3 shows how mobile code 
can be used to create a virtual user interface with an embedded system, in this case a mobile robot. The resulting user 
interface is also shown in Figure 3. 

   

Fig. 3. Mobile code is used to create a virtual user interface between a client and an embedded system. 

Mobile augmented reality can be utilized as a user interface to the environment, as it enhances the user’s perception of 
the situation compared to other interfacing methods and allows the user to perform other tasks while controlling the 
intelligent robot. Augmented reality is a method that combines virtual objects into the user’s perception of the real 
world. 

The robot can send an omnidirectional view of its surroundings and sensor data to a remote site. The motions of the 
user’s head are tracked and the projection of the omnidirectional image is then calculated and displayed to the user. A 
scenario of the teleoperation of a robot is shown in Figure 4. 

AR-based teleoperation of an intelligent robot allows the user to operate the robot from anywhere. The robot uses its 
sensors to monitor its surroundings, and images of the environment are transmitted in a video stream. By using 
omnidirectional cameras, the person operating the robot can survey the environment in the same way as she could if she 
were on the spot where the camera is mounted. The data from the sensors as well as other information from the robot 
are augmented in the Head Mounted Display (HMD) of the user, being easily readable all the time. 

The omnidirectional camera on top of the robot digitizes the panoramic view (360°, a hemisphere) into a single video 
stream, which is processed by the computer of the robot and transmitted to the user via the WLAN connection. The 
person using our wearable computer to control the robot can see what is happening around the robot by simply looking 
at different directions. The position of the user’s head is tracked and the correct projection from the video stream 
transmitted by the omnicam is calculated based on that information. The resolution of the projection depends largely on 
the resolution of the camera used to digitize the image. Because the resolution of each projection is only approximately 
10 % of the resolution of the original image, a low-quality camera will lead to inadequate control. 

The use of augmented vision equipment requires several components to work smoothly.  The glasses are worn like 
spectacles, and the image is projected onto the glass screens. By turning one’s head in the desired direction, the user can 
see the corresponding remote image.  This requires the head-mounted display and the remote video image to be 
carefully oriented to time and place.  This is accomplished by providing reference points from the mapped image to the 
display unit.  By tracking the orientation of the user’s head, the reference points can be used as pointers to specific areas 
of the image.  As the image is provided by an omni-directional camera, rotational latency is minimal.  



 

Fig. 4. Teleoperation of an intelligent robot via an AR-enhanced mobile terminal. 

3.2 NATURAL INTERFACE 

The first requirement for a personal robot to communicate naturally with humans is to understand our natural way to 
act. That means, for example, that a robot can follow what a human being is doing and also recognize the human. Our 
approach is based on vision. As a first step, we are developing visual tracking of multiple objects. We are especially 
interested in methods capable of detecting people and objects handled by them. Our approach is based on colours, since 
people can be located efficiently from colour images on the basis of skin colour and objects handled by humans can be 
located by colour-based segmentation methods. 

We have developed a general architectural solution for concurrent real-time colour-based tracking of multiple objects, 
Cocoa [6]. The architecture is based on markers and colour judges. Markers are a situated representation of the robot’s 
environment. A marker maintains information about an object (or several similar objects) in the environment. In our 
architecture, markers are components of the architecture acting as an interface between the image processing and 
control systems. The control system assigns tasks to the image processing system via markers. Colour judges are 
components of the image processing architecture, which differentiate colour-based segmentation methods from the 
process of labelling images. In this way, different segmentation methods can be used dynamically and the switching 
between them can be done based on context awareness. 

In the implemented system, markers track multiple faces and hands in real time (40-60Hz for 176*132 images and 22-
25Hz for 320*240 image) when the system is run on a PC (Pentium 200 Pro processor) [6]. 

 
3.3 INTELLIGENT TELEOPERATION 

The problem with traditional teleoperation is that it depends too heavily on the user’s skill. By intelligent teleoperation, 
we mean that the reactive controlling system is part of it. The intelligent component takes over if the user is likely to 
make a mistake, such as cause the robot to collide with an object. We let the user overrule the control architecture, but 
she must do it purposefully. 

We have developed a control architecture for a mobile robot operating in a dynamic environment. The early version of 
the control system, PEMM, was applied to control an intelligent and skilled paper roll manipulator [7,8]. The research 
resulted in a practical implementation of a full-size paper roll manipulator capable of handling paper rolls in warehouses 
and harbors. A key characteristic of the more recent version of the control architecture, Samba, is its capability to both 
reason out actions based on task constraints and to react quickly to unexpected events in the environment [9,10]. In 
other words, the architecture is goal-oriented and context-aware. 



Samba produces continuously reactions to all the important objects in the environment. The reactions are represented as 
action maps. An action map describes, for each possible action, how preferable that action is from the perspective of 
reacting to the object in a certain way (e.g. avoiding or chasing). The preferences are show by assigning a weight to 
each action. By combining action maps, an action producing a satisfactory reaction to several objects simultaneously 
can be found. Figure 6 shows two robots and an action map enabling the robot closer to the viewer to catch the ball. The 
ridge represents the actions by which the robot reaches the ball. Actions resulting in a collision with the other robot 
before the ball is reached are inhibited. 

 

Fig. 6. An action map and two robots catching the ball. 

We have applied the control architecture to playing simulated soccer. Our group participated the first world 
championships of robotic soccer, RoboCup, held in Nagoya in 1997 and the second championship games held in Paris 
in 1998 [11,12]. We have also demonstrated the use of intelligent teleoperation in guiding a mobile robot for domestic 
help. 

4. CASE EXAMPLES 
We are applying a mobile robot to support independent living by the elderly and disabled. We call this user-centered 
approach for developing robotic aids for the elderly “gerobotics” [13]. A personal robot could be part of an intelligent 
home assistant supporting communication and social life of the elderly. It can also be used as a technical helper 
providing a remote eye or an intelligent moving aid. The motivation for this research stems from the aging of the 
population of Finland. It has been predicted that the number of elderly people (over 65 years) will grow from 0.743 
million (14.5%) to 1.36 million (26%) in 1996-2030. Furthermore, the ratio of working-aged to elderly people will 
decrease from 5.2 to 2.5. Thus, it is clear that even the maintenance of the current quality of life of the elderly will 
require much more efficient utilization of resources. This trend of aging population is not unique to Finland but 
common to all industrialized countries. 

4.1 INTELLIGENT HOME ASSISTANTS AND REMOTE EYE OF THE AGED 

In the multimedia Home Aid Communication System (mmHACS) project, the main objective is to create new product 
and service concepts for the home environment and service providers and also to develop a complete system that 
includes social, health care and other services for aged end-users. With the new services and products, the project aims 
to improve their ability to live independently and safely in their own homes. 

The core of the mmHACS system consists of a telecommunication network, servers of the service providers and various 
easy-to-operate fixed or mobile terminals. The videotelephone set comprises the basic PC technology with a 
touchscreen User Interface (UI) and a codec card providing a rapid video and voice connection via, for instance, ISDN 
or ADSL. The mobile GSM terminals are tools for the people taking care of home-dwelling clients (nurses, doctors, 
cleaners, etc). So far, two prototypes have been developed, SMS-based and WAP-based software. 



A communication system including the fixed and mobile terminals has been demonstrated. An easy-to-use interface has 
been developed for a multimedia terminal consisting of a PC, a touch screen, and video telephony equipment. The user 
interface was designed based on the needs of the elderly. Nearly ten such terminals have been installed in the Oulu 
region and connected by a fast network. This communication system has been tested extensively together with potential 
users [14].  

The use of a mobile robot for domestic help also has been studied.  A preliminary study of the acceptance of robots was 
done by user interviews. They revealed that the elderly seem to have a positive attitude towards all robotic aids that they 
believe will support them in their independent coping [15]. As a first step to utilize a context-aware robot, a teleoperated 
robot was used as a remote eye for the elderly and the care providers.  

In the usability studies, a Nomad Super Scout was controlled remotely via Internet. The user interface was implemented 
as a Web page. The user observed real-time video captured by the robot’s camera and sent motion commands back to 
the robot (Figure 7). The setup of the experiments was arranged so that the robot was running in our laboratory but the 
users (mainly nurses) were located elsewhere. The system was found intuitive and easy to use. The next step is to 
continue the usability studies at a local residential home. 

 

Fig. 7. A web page user interface and a teleoperated robot. 

4. CONCLUSIONS 
In the future, interaction between humans and mobile robots and other devices in smart environments will become 
increasingly important, as these devices will operate as assistants in our everyday life. Because of this, there is a need 
for a general-purpose technique that we can use to interact with robots and other embedded systems in smart 
environments. 

In this paper, we proposed context-aware mobile systems for supporting the user to manage and use the services and 
resources that will be around us. The Genie of the Net architecture can ultimately be thought of as an ever-expanding 
system providing helpful information and guidance when our own capabilities are exceeded. It is also a technique to 
handle several individual robots so that they can co-operate with each other and human beings. The interaction with 
robots and other appliances in the environment should be made as natural as possible for the human being. Vision is 
good and powerful sense to be used.  

In developing a mobile robot capable of executing complex tasks in a dynamic environment, we selected the approach 
of first building a teleoperated robot and then gradually shifting tasks from the human to the robot. This approach 
enables complex tasks to be performed as soon as teleoperation is operational.  

A user-centred research approach is being applied in our work on context-aware personal robots. The needs of the users 
will be further investigated in user studies and prototypes tested in usability studies. The aging of the population 
motivates strongly our choice of application. A personal robot or even a simpler mobility aid with some robot-like 
capabilities would increase the functional capacity of the aged and possibly even improve their state of health. The aged 
could hence avoid institutional care and manage to go on living at home. 

 
 



ACKNOWLEDGEMENTS 
This paper contains the results of research conducted at the University of Oulu. The Genie of the Net architecture is a 
result of co-operation with VTT. In the mmHACS project we co-operated with the Work Science Laboratory at the 
University of Oulu. The following individual persons are acknowledged: Kari Kangas for providing the mobile code for 
the virtual user interface, Tuukka Turunen for making the computer wearable, and Heikki Pylkkö for providing the 
Cocoa architecture. Janne Haverinen, Seppo Karjalainen, Antti Tikanmäki, and Topi-Olli Mäenpää have been facing the 
real life with real robots. 

REFERENCES 
1. Riekki J, Huhtinen J, Ala-Siuru P, Alahuhta P, Kaartinen J, and Röning J: Genie of the Net: Context-Aware 

Information Management, UBICOMP2001, September 30 - October 2, 2001, Atlanta, Georgia USA. 
2. Röning, J., Kangas, K.: Controlling Personal Robots and Smart Environments, Intelligent Robots and Computer 

Vision XVIII: Algorithms, Techniques, and Active Vision, 19-22 September 1999, Boston, Massachusetts, pp. 26-
39. 

3. Kangas, K., Röning, J.: Using Code Mobility to Create Ubiquitous and Active Augmented Reality in Mobile 
Computing, The ACM/IEEE Conference on Mobile Computing and Networking (MOBICOM'99), Seattle, 
Washington, USA, August 15-20, 1999, pp. 48-58. 

4. Nurkkala, E., Pyssysalo, T., Röning, J.: Wireless Video Monitoring and Robot Control in Security Applications, 
Proceedings of Intelligent Robots and Computer Vision XVII: Algorithms, Techniques, and Active Vision (SPIE 
vol. 3522), 1-6 November 1998 Boston, Massachusetts, pp. 104-113. 

5. Turunen, T, Röning, J., Ahola, S.and Pyssysalo, T.: A Wearable Computer for Mobile Augmented Reality-Based 
Controlling of an Intelligent Robot, Intelligent Robots and Computer Vision XIX: Algorithms, Techniques, and 
Active Vision, 5-8 November 2000, Boston, Massachusetts, pp. 45-57. 

6. Pylkkö H., Riekki J. & Röning J. (2001) Real-Time Color-Based Visual Tracking via a Marker Interface. In: IEEE 
International Conference on Robotics and Automation 2001 (ICRA 2001), May 21-25, Seoul, Korea, pp. 1214-
1219. 

7. Heikkilä, T. and Röning, J.: PEM-Modelling: A Framework for Designing Intelligent Robot Control, Journal of 
Robotics and Mechatronics, vol. 4, no. 5, 1992, pp. 437-444. 

8. Vähä P., Heikkilä, T., Röning, J. and Okkonen, J.: Machine of the Future: An Intelligent Paper Roll Manipulator, 
Mechatronics: Mechanics Electronics Control, Pergamon Press, Oxford, Vol. 4, No. 8, 1994, pp. 861-877.  

9. Riekki, J., Röning, J.: Reactive Task Execution by Combining Action Maps, IEEE/RSJ International Conference on 
Intelligent Robots and Systems (IROS'97), September 8-12, 1997, Grenoble, France, pp. 224-230.  

10. Riekki J (1999) Reactive task execution of a mobile robot. Acta Univ. Oul. C 129 (PhD Thesis), University of 
Oulu, Oulu, Finland. http://herkules.oulu.fi/isbn9514251318/ 

11. Riekki, J., Röning, J.: Playing Soccer by Modifying and Combining Primitive Reactions. In: Kitano H (ed.) 
RoboCup-97: Robot Soccer World Cup I, LNCS/Lecture Notes in Artificial Intelligence 1395, Springer-Verlag, 
Nagoya, 1997, 74-87. 

12. Riekki J, Pajala J, Tikanmäki A & Röning J: CAT Finland: Executing primitive tasks in parallel. In: Asada M & 
Kitano H (eds.) RoboCup-98: Robot Soccer World Cup II, Lecture Notes in Artificial Intelligence 1604, Springer-
Verlag, pp 396-401. 

13. Riekki, J., Röning, J., Väyrynen, S. and Tornberg, V., A user-centered approach for developing robotic aids for the 
elderly, The 2000 International Conference on Machine Automation (ICMA2000), September 27 - 29 2000, Osaka, 
Japan, pp. 537-542. 

14. Törmänen M, Autio T, Väyrynen S: User-friendly access to services via videotelephone and other parts of the ICT 
system - mmHACS for the elderly, Proceedings of NES 2001 Congress, September 2-5 2001, Tampere, Finland 
(accepted). 

15. Ikonen V, Väyrynen S, Prykäri T & Tornberg V (1999) The influence of new communication and assistive 
technology to elderly peoples` well-being and quality of life. Third International Conference of Gerontechnology, 
October 1999, Munich. 

 
  


