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Abstract 
 
Humans live in physical world and perform activities that are physical, natural and 
biological. But humans are forced to shift explicitly from physical world to virtual world 
and vice-versa in performing computer aided physical activities. The research reported 
here is investigating: How implicit human-computer interaction can be used as a means 
to bridge the gap between physical world and virtual world. An agent-centric approach is 
introduced to extend ubiquitous computing to unlimited geographical space and a 
framework for implicit human-computer interaction is also discussed. The benefits of 
standardized ontologies are used as a base upon which this framework is built. This 
semantic approach together with agent-centric approach is discussed to visualize the 
visions of implicit Human-Computer Interaction (i-HCI).    
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If you think… 

 
If you think you are beaten, you are. 
If you think you dare not, you don’t! 

If you like to win, but think you can’t,  
It’s almost a cinch you won’t. 

 
If you think you’ll lose, you’re lost; 

For out in the world we find 
Success begins with a fellow’s will; 

It’s all in the state of mind. 
 

If you think you are outclassed, you are, 
You’ve got to think high to rise, 

You’ve got to be sure of yourself before 
You can ever win a prize. 

 
Life’s battles don’t always go 

To the stronger and faster man, 
But sooner or later the man who wins 

Is the man who thinks he can. 
 

                                                                                   - Anonymous 
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Chapter 1 
 

Introduction 
 

This chapter summarizes the work presented in this thesis with a general introduction, the 
motivation for this thesis, an outline of how the thesis is structured and also discusses the 
contributions from this thesis. 
 
1.1  Computers in everyday life 
 
Computers have become a part of everyday life. It is used in homes, universities, banks, 
hospitals, offices etc.. Computers are slowly but surely becoming a part of most of the 
buildings in this modern era. It is impossible to imagine a building without electricity or 
electric lamps. They are very important components of a building and are invisible and 
transparent in use. Computers are along the same path as well, but are in a period of 
transition from being in buildings to being a part of the buildings. Computers are not 
restricted to Desktop or Laptop Personal versions. They are embedded in most of the 
devices that we use everyday like alarm clocks, televisions, microwave ovens, cellular 
phones, etc.. This makes it even more interesting to view computers as part of everyday 
life, to view them as part of everyday locations visited by humans, and everyday 
activities performed by humans. This thesis is based upon the above mentioned idea of 
computers in everyday life. The concepts of Ubiquitous computing [Weiser, 1991], 
Tangible bits [Ishii & Ullmer, 1997], Invisible computers [Norman, 1998], and Implicit 
Human-Computer Interaction [Schmidt, 2000] are the foundations upon which this thesis 
is constructed. According to [Abowd & Mynatt, 2000],  
 

“Technology is for assisting everyday life and not just overwhelming it”. 
 

 Computing technology as any other technology has evolved with an aim of 
making the life of humans comfortable and simple. But current computing environment 
oblige the humans to instruct the computers to perform the required computational 
activities explicitly. Even though this type of interaction helps humans in performing 
their everyday activities, there is an evident issue of user’s comfort in experiencing the 
computing advantages. This thesis addresses the above mentioned issue with the concepts 
of Implicit Human Computer Interaction and Context aware computing. 

 
1.2  Fundamental computing approaches 
 
The first computing approach was based on mainframe computers where many people 
used a single, large and centralized mainframe computer. This is known as the Era of 
Mainframe computers, which was from 1950 to 1975. This approach was succeeded by 
the concept of one computer to each individual user. This is the Era of Personal 
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Computers, which was from 1975 to around 2000. Desktops and laptops are the 
commonly used computing devices in this approach.  
 

With the advances in electronics and communication industry it is possible to 
imagine numerous computing devices of varying sizes to be embedded in the 
environment [Weiser, 1991]. These devices are highly distributed and interconnected to 
the extent that they are a part of the environment itself that makes them invisible and 
would provide useful services. This ensures in a way that humans are not forced to go to 
an infrastructure like a PC (Personal Computer) to fulfill their computing requirements. 
The infrastructure is available to humans anywhere, anytime as it is a part of the 
environment itself. With these ambitious visions in mind many researchers have focused 
on three areas of research namely Ubiquitous/ Pervasive Computing, Wearable 
Computing and Mobile Computing. One could argue that both wearable and mobile 
computing is more personalized visions of ubiquitous computing. This is expected to be 
the Era of Ubiquitous, Wearable and Mobile computers, which is projected to be from 
2000 to 2025. Figure 1 describes the transitions from the Era of Mainframe computers to 
PCs to Ubiquitous computers in terms of computer sizes and numbers. 

 

 
Figure 1: Era of Mainframe computers to PCs to Ubiquitous computers [Schmidt, 2003]. 

  

1.3 Era of Ubiquitous, Wearable & Mobile Computers 
 
Mark Weiser [Weiser, 1991] introduced the term Ubiquitous computing, but in recent 
years Pervasive computing is the term that is more widely used to describe research in 
this area. According to him,  
 
“The most profound technologies are those that disappear. They weave themselves into 
the fabric of everyday life until they are indistinguishable from it”. 
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According to [Conference on Pervasive Computing, 2001],  
 Definition 1.3.1: “Pervasive computers are Numerous, casually accessible, often 
invisible computing devices, frequently mobile or embedded in the environment and are 
connected to an increasingly ubiquitous network infrastructure composed of a wired core 
and wireless edges”. 
 
  The main focus of this era is to move computing away from traditional PC 
environment and to view them as a part of the physical environment. In this era, 
computing is not packed on a special device that caters the need for all types of 
computing requirements. Computing is distributed within many devices like in 
televisions, fridges, wrist watchs, clothes that we wear, in the walls and doors of 
buildings, and in virtually everywhere in the physical world. This thesis uses the term 
Ubiquitous computing, instead of Pervasive computing to give credit to the visions and 
efforts taken by Late Mark Weiser in this area of research.  
 
 Since Ubiquitous computing is more on focusing the visions to embed computers 
around in the physical environment, there is also a need to focus on embedding 
computers all around the humans. Locations are stationary and there is an evident 
requirement from a human point of view to possess computing resources along with them 
such that they are a part of humans wherever they go. This gave rise to research in areas 
of wearable and mobile computers. According to [Starner, 2001],  
 
 Definition 1.3.2: “Wearable Computing pursues an interface ideal of a 
continuously worn, intelligent assistant that augments memory, intellect, creativity, 
communication and physical senses and abilities.” 
 
  Wearable computers are more comfortable for transparent use, since they are a 
part of the humans. Mobile computers are more the mobile devices that the humans carry 
along with them to perform specific tasks like communication, mobile information access, 
mobile networking, location sensing, etc... 
 

This thesis assumes that future computing paradigm will shift from PC computing 
environments to Ubiquitous, Wearable and Mobile computing environments. Of course it 
is important to consider other computing environments like Virtual reality or Robotics. 
But considering the need to focus on a specific area of research, this thesis work is 
restricted to ubiquitous, wearable and mobile computing environments as the future 
computing environments even though virtual reality and Robotics will affect Human 
Computer Interaction indirectly. 
 
1.4 Motivation   
 
Humans live in the physical world and perform physical activities as part of their 
existence. To lead a more comfortable and enjoyable life humans are forced to use 
computing resources. The primary aim of these computing resources is to aid humans to 
perform their everyday activities better. But more often than not, in the current 



 13

computing environments, humans are forced to shift explicitly and visibly to computing 
environments to perform computer assisted physical activities. This shift from physical 
environments to virtual environments and vice-versa distracts the humans in performing 
their everyday physical activities. The humans give explicit inputs to the computers 
through uncomfortable and highly limited user interfaces, and work with computers that 
are not aware of the physical environment in which they are present. This increases the 
cognitive work load on humans in an effort to use the computing resources to perform 
everyday physical activities. The above mentioned issues are addressed in areas of 
research including Context aware computing [Dey, Salber & Abowd, 2001], Tangible 
interaction [Ishii & Ullmer, 1997], Multi-modal Interaction [Coutaz, 1992], etc… But 
most of these efforts are confined to a specific application, with limited ranges. This 
thesis acknowledges the need for a global view which is application or scenario 
independent.  
 
 The purpose of this thesis is to investigate the area of implicit human computer 
interaction which aids humans to perform computer assisted physical activities better. 
The  work presented in this thesis are based on efforts taken from other research in these 
areas, Human computer interaction theory and the prototype system developed as part of 
this thesis. The concepts presented in this thesis are not completely validated by empirical 
studies since the field as such is exploratory and the scope of this thesis is at Master’s 
level. But the concepts are argued with sufficient references and could be used as a base 
for further research. 
 
1.5 Summary of Contributions 
 
The main contributions of this thesis is in describing a set of concepts that are useful in 
modeling and designing implicit human computer interaction in ubiquitous, wearable and 
mobile computing environments. The secondary contributions of this thesis is in 
designing a wearable object manipulation tracker (personal agent) as a part of the concept 
of Agent-Centric Approach discussed in chapter 3.  
 
Description of the concept of Agent-Centric Approach (chapter 3) 
Agent-centric approach was introduced to provide a global view of ubiquitous computing 
environments. The agents that are responsible for all computing activities in the physical 
environment are classified as location agents and personal agents. Location agents are 
further classified as stationary location agents and mobile location agents. The 
advantages of an agent centric approach is discussed along the issues of uneven 
conditioning, client thickness, localized scalability and distributed & decentralized 
computing [Satyanarayanan, 2001].  
 
A Framework for Implicit Human Computer Interaction (chapter 4) 
This thesis proposes a framework for implicit human computer interaction (HCI) as a 
means to aid humans perform their physical activities better. The components of implicit 
HCI such as implicit input, context aware computing, implicit output, automated 
behaviors, user mediated interaction etc. are considered in describing the proposed 
framework. This thesis addresses six components as part of the framework – knowledge 
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manager, context manager, interaction manager, networking manager, policy manager 
and user interfaces. The framework is described based on the concepts of Agent-Centric 
approach. 
 
Wearable Object Manipulation Tracker: Prototype design (chapter 5) 
A detailed description of the prototype design is discussed. The future enhancements are 
also addressed since at this stage the prototype is incomplete considering the time 
constraints and scope of this thesis.  
 
Technologies for Location Aware Computing (Appendix A) 
This section describes the various technologies that are available in designing a location 
aware system. A detailed study of the various available technologies helped in deciding 
the technologies for the prototype design developed as a part of this thesis. Location 
sensing techniques and their properties are also discussed. 
 
1.6 Thesis Outline  
 
Chapter 2 discusses the approaches to Human-computer interaction in the current 
computing paradigm as well as their future visions. 
 
Chapter 3 discusses about Future computing environments and their characteristics. An 
agent-centric approach to implicit HCI is also proposed. 
 
Chapter 4 describes the framework for implicit HCI in future computing environments.  
 
Chapter 5 discusses the prototype system developed as a part of this thesis. 
 
Chapter 6 gives the conclusion. 
 
Appendix A: discusses technologies for location aware computing.  
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Chapter 2 
 

Approaches to Human-Computer Interaction (HCI) 
 
2.1 Current Interactions are Explicit 
 
The term Human-Computer Interaction is defined by Special Interest Group on 
Computer-Human Interaction (SIGCHI) as,  
 
 Definition 2.1.1: “Human-Computer interaction is a discipline concerned with 
the design, evaluation and implementation of interactive computing  systems for human 
use and with the study of major phenomena surrounding them” [Hewett et.al., 1992]. 
 
  Interaction in the current era of computing is explicit resulting in the gap that 
exists between the physical environment and the virtual environment [Pederson, 2003]. 
The term physical environment and virtual environment is explained in chapter 3.  
Human Computer Interaction in this current era of computing is dominated by Graphical 
User Interfaces (GUI). Humans live in the physical world and perform activities in the 
physical world. But the GUIs are confined to devices like desktops and laptops and the 
interaction with these interfaces are in the virtual environment. This virtual environment 
is separated from the physical environment in which the humans live and interact, leading 
to a limited interactional design space. Xerox star workstations introduced the initial 
generation of GUIs with the demonstration of GUI components like mouse, windows, 
cons, modeless interaction, etc. [Smith et. al., 1990]. Microsoft windows take the credit 
for widespread popularity of GUIs. The dominant role played by GUI in the last decade 
has also resulted in the type of interfaces designed and developed. The interfaces were 
designed more to support GUI than to improve the interactional experience both in terms 
of quality and quantity. Quantity in terms of lack of diverse input and output media, 
while quality in terms of lack of richness in the interfaces that connect humans to the 
virtual environments. This has resulted in a scenario where in the real world inputs are 
not considered in Human-Computer Interaction [Buxton, 1997]. 
 
  User interfaces like mouse, keyboard, monitor, etc. are used in performing 
specific tasks for the humans. But many of the human activities are beyond the scope of 
these task specific activities performed in the virtual world. Hence humans are forced to 
shift between the physical and virtual environments continuously in performing their 
everyday activities. This type of interaction where the user needs to explicitly shift from 
one environment to another is termed as explicit interaction. The above discussion 
provides the substantial benefits of thinking beyond improving the usability of the GUI 
paradigm and to shift from Explicit HCI which is prevalent in the current era of 
computing where in the user gives explicit input and specify the tasks to implicit HCI. 
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2.2 Towards Implicit HCI 
 
In future computing environments, the gap between the physical and the virtual 
environments are minimized by interaction that are implicit. This is termed as Implicit 
Human-Computer Interaction by Schmidt and this thesis uses this term and 
acknowledges it to be an inevitable component of future computing environments 
[Schmidt, 2000]. The term Future Computing environment is well discussed in chapter 3. 
Implicit HCI aids humans to perform their every-day life activities without the need to 
shift their attention towards computing infrastructures to obtain their assistance. Hence 
the natural flow of human activities is not disturbed. The term implicit is used in a literal 
sense that this type of interaction requires least human intervention. According to 
[Schmidt, 2000],  
 
 Definition 2.2.1: “Implicit Human-Computer Interaction is an action, performed 
by the user that is not primarily aimed to interact with a computerized system but which 
understands it as an input to that system”. 
 
  Implicit Human-Computer Interaction is based on the concept of using human 
activity in the real world as input to computers. Of course with the advances in sensing 
and processing technology, it is possible to imagine implicit interaction as a replacement 
to explicit interaction that we experience in the current computing paradigm. The various 
aspects of implicit HCI like implicit input; context-aware computing, implicit output, etc. 
are discussed. Figure 2 illustrates the gap that is evident between the physical 
environment and the virtual environment in the current era of explicit HCI and how this 
gap could be reduced with the visions of implicit HCI. 
 

 
Figure 2: Bridging the gap between physical and virtual environments [Pederson, 2003]. 
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2.2.1 Implicit Input 
 
Humans perform many activities in the physical environment and also possess their own 
behaviors. These activities and behaviors exhibited in the physical environment could be 
captured through sensors and provided as an input to an interactive system. These types 
of inputs are termed as implicit input. Here the human intension is not to provide an input 
to the system, but to perform his activities in the physical environment in which he lives. 
But the system is automated to capture, recognize and interpret those actions as input. In 
providing this type of input to a system, the humans are not forced to shift from physical 
environments to virtual environments and vice-versa. The cognitive and physical work 
load on the humans to provide input is reduced, helping him to focus on his currently 
performing activity.  
 
2.2.2 Context Aware Computing 
 
Implicit HCI is beyond providing various means of interfaces to the digital world that 
does not require additional efforts and attention from a user’s view point. It requires 
computing systems that has an awareness of the environment, the situation, the intensions 
of the user, and perform automated activities that are desired by the user [Schmidt, 2000]. 
This thesis understands the need for context aware computing which utilizes the state of 
the physical world as a part of implicit interaction and provides computational 
functionality to real-world events. According to [Dey, Salber & Abowd, 2001],  
 
 Definition 2.2.2: “Context: Any information that can be used to characterize the 
situation of entities (i.e. whether a person, place or object) that are considered relevant 
to the interaction between a user and an application, including the user and the 
application themselves. Context is typically the location, identity and state of people, 
groups and computational and physical objects”. 
 
 Context aware computing and implicit input go hand in hand. Context aware 
computing could be viewed as an extension of implicit input. They together limit the 
need for explicit input since the input data is either captured or derived through context 
aware computing. In situations where the user’s mediation is required to further proceed, 
the selection space for the user to choose from is reduced as well. This reduces the 
options provided to the user and hence frees him from additional cognitive or disturbing 
load. Context aware systems can also infer the context and adapt the system in such a 
way that it can better capture the implicit input. For instance, there may be a situation 
where in a band-pass filter would provide better implicit input than a low-pass filter. In 
this case the system is proactive to adapt itself to the situation to acquire better implicit 
input which is highly valued for implicit HCI.       
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2.2.3 Implicit Output 
 
Implicit interaction is not restricted to implicit input and context aware computing, but 
also extends to implicit output and automated behaviors [Shafer et.al., 2001]. According 
to [Schmidt, 2000], 
 
 Definition 2.2.3: “Implicit output is the output of a system that is not directly 
related to an explicit input and which is seamlessly integrated with the environment and 
the task of the user”.  
 
 Automatic behaviors is a part of implicit HCI since the primary reason to perform 
context aware computing is to initiate automated behaviors that are appropriate from a 
user’s point of view. Implicit HCI assures computing system adaptation to current 
situations. According to [Fitzmaurice et.al., 1995], the terms foreground and background 
activities are used in an effort to distinguish between explicit and implicit interaction. 
Implicit output as in [Schmidt et.al, 1999] reduces the need to interrupt the user when it is 
not required or when it is not appropriate since the user is performing other more 
important activity in the foreground. Hence the system determines a suitable time and 
mode for interruption. For instance, there is no need to remind the user to meet his friend 
when the computing system has derived the context that the user is currently with his 
friend. The output of the system could also be adapted according to the context. For 
instance, in a presentation the system may recognize new faces who are not privileged to 
attend the presentation and avoid presenting the companies last year’s turn-over details 
[Satyanarayanan, 2001].   
  
2.2.4 Invisibility & Transparency 
  
 Invisibility and Transparency are important aspects of implicit HCI. Invisibility is 
termed in a literal sense that the computing technology almost disappears from the sub-
conscious mind of the user in performing his task [Weiser & Brown, 1997]. Invisibility 
could be viewed as system interaction that produces no surprises to the user to the extent 
that he interacts with the system sub-consciously. Hence the computers and its interfaces 
are totally integrated with the environment that is familiar to the user and the system 
operates in the background of user’s attention at all times. According to theory, it is 
possible with context aware and proactive computing to capture the user’s intent and 
adapt the system to provide the user with invisible interactional experience. But in actual 
implementation there are many constraints that make it difficult.  
 
 The human-centric and task based visions of Invisible computer [Norman, 1998], 
discuss the role of technology as a natural extension of Human’s physical life and allow 
the humans to focus on the foreground task performed by the user rather than on the 
technology.  
 
 The term transparent in use refers to the user interfaces that are not explicitly 
though about by a user when he is using it. These user interfaces are more an extension of 



 19

the user’s body and the user’s focus is on performing the task rather than on the user 
interface.  
 
2.2.5 Usability 
 
Usability is the ease and comfort with which a user can use the developed interactive 
system. It focuses on highly usable user interfaces that improve a user’s experience and 
reduce the user errors. According to [Hix & Hartson, 1993],  
 
 Definition 2.2.4: “Usability engineering is a cost-effective, user-centered process 
that ensures a high level of effectiveness, efficiency, and safety in complex interactive 
systems”.  
 
 Usability could be evaluated by the extent to which a user can exploit the utility 
of a system. This aspect claims that the focus of interactive system designers should not 
only be on developing those systems, but also on the experience of using those systems 
[Vainio-Larsson, 1990].   
 
2.2.6 User Intent 
 
Implicit HCI is researched to aid humans to lead a simple and comfortable life. But to aid 
the human beings the system should be able to capture and derive the user intent. The 
idea behind implicit HCI will be ineffective if the system performs actions that does not 
aid the user, but instead hinder him. Maintaining the user’s previous history and deriving 
his intents are important aspects that need to be considered in an effort to design 
proactive interactive systems. 
 
2.2.7 Providing feedback 
 
Providing feedback is an important aspect of implicit HCI. Since most of the interaction 
is performed implicitly there is an evident need from a user point of view to know exactly 
what is happening. For instance, there are situations where in latency delays may exist 
where in the user is confused if the system has actually recognized what he is doing or it 
has actually not captured the activity. Hence the user is confused as to what to expect 
from the system. One may argue that providing feedback could actually distract the user 
from performing his normal physical activities. But this distraction is normally in the 
background and the moment a user is distracted by these background activities, it implies 
that the user’s confirmation or user’s attention is required. According to theory it is 
possible to design such systems, but in practice constraints like individual user’s 
preferences, their context, etc. increases its complexity.    
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2.2.8 Explicit Input  
 
Explicit inputs are inputs that are requested by interactive system due to sensing of 
ambiguous implicit input, as well as due to inferring contexts that are ambiguous and the 
system is struck with no clue how to proceed. In these situations the system requests the 
user to explicitly know how the user expects the system to proceed. Ambient background 
media is a concept discussed by [Ishii & Ullmer, 1997], which is interesting to consider 
in designing the interruptibility of the interactive system. The human senses could be 
used to design explicit interaction through ambient background media. 
 

1. Aural – This is one of the commonly used senses in natural physical activities. 
For instance, it is common to perform a work like cooking or driving a car and in 
the same time listening to music or news in the radio. This modality is nothing 
new to human beings and could be used in designing ambient background media 
for an interactive system. 

 
2. Visual – This modality could be used where in for instance, the background 

lighting effect varies, or augmented reality displays changes to call for the user’s 
attention. The disadvantage of this system is that most of the foreground activities 
are performed using visual senses and it is difficult to strike the balance between 
the foreground activities and background activities [Ishii & Ullmer, 1997]. 

 
3. Touch – Sense of touch is not popularly used so far in designing interactive 

systems, but could be a useful modality for ambient background media. The 
disadvantage of this modality is that the sense of touch is highly dependent on the 
individuals and is difficult to build a system that works fine for all users. 

 
4. Smell – Smell could be used as an ambient media as well, but is one of the most 

hardly used senses in interactive systems. For example, changing the smell from 
jasmine odor to rose odor may indicate the arrival of a new e-mail [Dipak & 
Shafiq, 2004]. 

 
 Ambient media changes the properties of the background media according to the 
levels suitable to capture the user’s attention in case of requirement for user mediated 
interaction. But according to [Ishii & Ullmer, 1997], “The smooth transition of user’s 
focus of attention between background and foreground” is one of the key challenges 
of tangible bits. Context aware computing is one of the important means by which 
user interruptibility can be predicted.    
 

2.3 User interfaces for Implicit HCI 
 
In current explicit HCI paradigm the design dimensions for user interface is highly 
limited, and the interfaces are restricted to monitor, keyboard, mouse, etc.. But implicit 
HCI has a broader design dimensions for user interface in terms of space, visibility, 
modality and availability. Much research has been done in embedding the user interface 



 21

into the environment in such a way that the user interacts with the environment instead of 
the conventional user interfaces. Tangible user interfaces (TUI) [Ishii & Ullmer, 1997], 
Embodied user interfaces [Fishkin et. al., 2000], Multi-modal user interfaces [Coutaz, 
1992], etc. are interfaces developed with an effort to cater to the needs of future Human-
Computer Interaction.   
 
2.3.1 Tangible User Interfaces 
 
Ishii & Ullmer introduced the term Tangible User Interface (TUI), which is physical 
objects equipped with or tracked by sensing and computing resources [Ishii & Ullmer, 
1997]. This is a means of physical interface to digital information. TUI aims to 
seamlessly couple people, digital information and the physical environment. This thesis 
has already discussed the gap that prevails in the current era of computing between the 
physical environment and the virtual environment and tangible bits are introduced with 
an aim to bridge this gap. 
  
Tangible bits are described based upon three principles [Ishii & Ullmer, 1997]. 
 

1. Interactive surfaces – Provides transparent interaction by turning all physical 
matter (example, walls, ceilings, doors, etc.) within everyday architectural space 
into an interface between humans and computers. Physical matters are not 
restricted to solids, but also extend to liquids and gases. 

 
2. Coupling of Bits and Atoms – Interactive surfaces are constructed by seamlessly 

coupling everyday graspable objects with digital information in such a way that a 
user can grasp and manipulate foreground bits by coupling digital bits with 
physical objects.  

 
3. Ambient Media for background awareness - Currently, HCI research is focusing 

primarily on foreground activity and neglecting the background. However, people 
are subconsciously receiving varied information from the “periphery” without 
attending to it explicitly. If anything unusual happens, it immediately becomes the 
center of attention. Therefore, one of the key challenges of Tangible Bits is the 
smooth transition of user’s focus of attention between foreground and background 
using graspable objects and background ambient media such as sound, light, 
airflow and water movement. Figure 3 illustrates the concept of tangible user 
interface with graspable media in the foreground and ambient media in the 
background. 
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Figure 3: Concept of Tangible user interface [Ishii & Ullmer, 1997].  

 
This thesis addresses four issues that need to be considered while designing TUI. 

1. Physical usability of TUIs. 
2. Cognitive work load on Humans. 
3. Latency delay. 
4. Ambient background feedback. 

Some of these issues were already discussed as part of implicit HCI. 
 
 TUI considers physical representation as an important design and selection issue. 
Commonly used approaches are to embed sensors and ID tags on existing physical 
objects like for instance coffee cup, or jacket, etc… This approach is used in the 
prototype design developed as part of this thesis. Here all the objects whose manipulation 
needs to be tracked are attached with RFID tags. Then a RFID reader is used to detect the 
tags, implicitly detecting the object that it refers to. In this approach the physical form of 
the existing physical objects are retained in an effort to seamlessly couple physical world 
with information bits. Other approaches include engineering-centric where in the physical 
artifacts are designed based on the electronic and mechanical feasibility and design-
centric approach where in the engineering aspects are built around a well designed 
physical artifact. Tangible physical objects are interpreted by spatial systems, relational 
systems or constructive systems [Ishii & Ullmer, 1997]. Ishii & Ullmer have discussed 
about input phicons and output phicons, while [Rekimoto, 1997] addresses storage 
phicon where in an object is associated with a system not just in terms of identity but also 
in terms of meaning.  
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2.3.2 Embodied User Interfaces 
 
According to [Fishkin et. al., 2000], 
 
 Definition 2.3.1: “Embodied user interface is to tightly integrate the physical 
body of the device with the virtual content inside and the graphical display of the content. 
The body of the device is treated as part of the user interface – an embodied user 
interface – the interaction could be extended beyond the simulated manipulation of a 
GUI and allows the user to directly manipulate an integrated physical-virtual device in 
reality”. 
 
  One could consider embodied user interface as a specific case in the concept of 
tangible bits, with the focus primarily on the devices that are portable, graspable, task 
specific, with work materials contained inside the device and thus the device embody the 
task they are designed for. Embodied user interfaces could be held, touched, carried, and 
are physically designed to make these tasks easy and natural [Harrison et. al., 1998]. 
Embodied user interfaces focus on investigating the design of natural manipulations, 
sensing and interpreting of such manipulations and to evaluate the usability of such 
manipulations. Figure 4 describe the task of annotating a document. The embodied user 
interface is designed to recognize human handwriting, which means that the humans 
perform the task of writing in both physical papers as well as on the intelligent device in 
the same way. 
 

      
Figure 4: “Annotating a Document”, Embodied user interface [Fishkin et. al., 2000]. 

 
2.3.3 Multi-modal Interaction 
 
In implicit HCI, there is a need to focus on viewing the human’s body as an interface to 
the digital world. This type of interaction is termed as Multi-Modal Interaction with a 
focus on sensing, combining and interpreting user information extracted from speech, 
facial expression, gestures, body posture, eye-gaze, bio-sensors, tactile feedbacks, etc. 
[Coutaz, 1992]. Multi-modal interaction is an important part of implicit HCI which 
visualizes human in the center of the interface. This interaction integrates the different 
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communication channels between human and computer with the goal of providing an 
implicit interface [Kjelldahl, 1991]. Multi-modal systems use different types of 
communication channels to extract and convey meaning automatically. Multi-modal 
systems are not restricted to use of multiple modalities to facilitate communication 
between humans and computers. They capture the content of the information obtained 
through various modalities to automatically derive context information at higher level of 
abstraction.  
 
 W3C Multimodal interaction working group is formed with an aim to develop 
specifications to enable access to the Web using multi-modal interaction. EMMA 
(Extensible MultiModal Annotation) markup language is developed for describing the 
interpretation of user input [W3C Working Draft, 2004]. W3C Multimodal Interaction 
Framework is an effort to aid development of multimodal applications in terms of 
markup, scripting, styling, etc.  
 
 Gesture recognition and speech recognition are probably the most commonly used 
modalities. Humans have a wide means of communication and it is almost impossible to 
design interfaces for all their forms of communication. But multi-modal interfaces are an 
effort to expand the possibilities of using human’s natural means of communication. 
From an implicit interaction point of view more information could be captured using 
multi-modal interfaces and multi-modalities could be used to acquire user’s attention. 
With the advent of devices like glove [VPL Research Inc., 1987], sensor frame 
[McAvinney, 1986], etc. it is possible to imagine multi-modal interaction as a key player 
in designing implicit HCI systems. CyberBELT is a multi-modal interactive system that 
uses three technologies – a speech recognizer, an eye-gaze tracker and a data gloves 
[Bers et. al., 1995]. The user’s whole body is used as an interface to interact and control 
the interactive system. The disadvantages of multimodal systems include the need to 
wear additional interface devices that are some times uncomfortable and awkward to 
wear. And another issue to be considered before designing multi-modal systems is that in 
most cases, these systems are user specific and is difficult to derive a generalized model 
for interaction. Multi-modality supporting devices are commercially available in the 
current era of computing. Personal Digital Assistants could be considered as a good 
example which supports handwriting recognition.  
 
2.4 Summary 
 
This chapter discussed the current explicit approaches in Human-Computer Interaction 
and the need to think beyond it. Implicit Human-Computer Interaction was introduced as 
an approach to visualize interactions beyond the current existing ones. The various 
characteristics of implicit HCI were discussed. User interfaces like tangible user interface, 
embodied user interface and multi-modal user interface were introduced to support 
implicit HCI. 
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Chapter 3 
 

An Agent-Centric Approach to Implicit HCI 
  
This chapter describes an agent-centric approach to implicit HCI. It discusses the 
distinction between physical environment and virtual environment. The characteristics of 
future computing environments are also analyzed and discussed. These characteristics are 
addressed in describing the agent-centric approach. As mentioned earlier, this thesis 
assumes that the future computing environments are based on ubiquitous, wearable and 
mobile computing environments. The term “environment” used in this thesis refers to 
computing environment and not for instance forest environment or office environment. 
Instead the term physical environment is used to refer to forest environment or office 
environment.  
 
3.1 Physical & Virtual Environments 
 
Physical environment is the environment in which humans perform their physical 
activities. It is a natural and biological environment. According to [Pederson, 2003],  
 
 Definition 3.1.1: “The physical world is the world built of and containing matter 
directly perceptible to humans, and whose state is defined by arrangements of such 
matter in places, constrained by and modified according to laws of nature, within a 
geometrical three-dimensional space, at any time instant partially perceptible by humans 
through their senses”.  
 
 Humans feel more comfortable to perform certain type of activities in the physical 
environment than in the virtual environment. But some of those activities that humans 
perform in the physical environment need assistance from the virtual environment. 
According to [Pederson, 2003], 
 
 Definition 3.1.2: “The virtual world is the world built of and containing digital 
matter (bits) that after transformation into physical phenomena becomes perceptible to 
humans, and whose state is defined by arrangements of such phenomena in places, 
constrained by and modified according to (human-designer) law of logic, within a 
topological multi-dimensional space, at any time instant partially perceptible by humans 
through displays (possibly multi-modal and audio-visually up to three-dimensional) built 
into computational devices residing in the physical world”.  
 
 For instance, a traveler in Paris would be interested to just travel around the city 
and view the sightseeing places. But for the remembrance of his travel, he needs to take 
some pictures and videos. In this case the user is forced to shift from physical 
environment to digital environment. The activity of taking videos or pictures could be 
considered as a physical activity, but this activity could be performed better if the user 
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possess a personal agent that senses the important places and take pictures or videos by 
itself. This provides the user with a better traveling experience and requires less cognitive 
efforts from the user. User’s intent is a very important issue in these types of systems 
since the user may be interested in a particular place more than the other and expect the 
system to take more pictures or videos.  
 
 The visions of implicit human-computer interaction are to embed the virtual 
environment in the physical environment and to interact with these virtual environments 
implicitly with natural interfaces in an effort to aid humans to perform their activities 
conveniently.  But the computing environments for the above mentioned visions possess 
unique characteristics which are different from traditional computing environments. 
 
3.2 Characteristics of Future Computing Environments 
 
The future computing environments have some characteristics that need to be considered 
while describing them. The characteristics includes, but not restricted to the following. 
These characteristics were obtained from various sources and the references are not 
explicitly mentioned considering the fact that they are discussed by many researchers in 
this field of study. 
    

Decentralized & distributed computing – Lack of a centralized server that does 
intensive processing and data storage for all users and applications. Instead the 
servers are distributed in the physical environment and worn by the users as well. 
This characteristic is considered in designing the future computing environments.  

 
Autonomy – Since computing is decentralized and distributed, each physical 

environment or user has its own server and required components to function in an 
autonomous way. The level of autonomy depends on the application and the 
resources available. 

 
Contextually aware – Perceive the state of the surrounding physical environment, 

people and their interaction to derive contextual information in the computing 
environment.  

 
Proactive – Anticipate the future goals or problems without human intervention and 

able to take automatic actions based on the inferences.  
 
Adaptive – Physical environments and internal conditions changes dynamically and 

hence the systems are expected to cope with changing conditions. 
 
Real-Time services – Time scale is an important factor in these scenarios and real-

time responses are expected. 
 
Multiple simultaneous users, Multiple dynamic interaction devices – These 

computing environments have many ad-hoc users who utilize the computing 
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resources simultaneously. Multiple dynamic interaction devices are also a part of 
these environments. 

 
Sharing of sensors, processing power, data and services – Sensors are available both 

in the physical environment as well as on the users. The same is applicable to 
processing power, data and services. These environments demand sharing of the 
four mentioned resources in a flexible and feasible manner. This creates a 
situation where in the agents (Location or personal – described following these 
characteristics) does not need to have all the sensors, powerful and expensive 
processors, large data storage and computationally expensive algorithms like 
image processing, but instead share them in an intelligent way. 

 
Interoperability – Sensors, devices and services should be changed both 

independently and dynamically. Changing independently implies that other 
sensors, devices and services should not be affected. Dynamically means even 
when the other sensors, devices and services are in operation. This characteristic 
is very important since technological advancement is a continuous process and 
new sensors, devices and services are always on cart.  

 
Levels of privacy and security – Security issues are larger in these computing 

environments which call for more sophisticated encryption methodologies. 
Privacy is an important factor which needs to be addressed carefully. From a user 
point of view, any system designed without considering privacy issues carefully is 
more likely to fail. The agents in these computing environments decide the levels 
of privacy contextually. 

 
Implicit interaction – The interaction in these computing environments are invisible 

in the sense that the computational resources are almost integrated with the 
environment and with the user such that it is unnoticeable.  

 
Ad-Hoc Networking – Mobile and wearable computers enter and leave a computing 

environment quite often. Hence stable networking techniques alone for 
communication in these future computing environments are not possible. Ad-Hoc 
networking is suitable for these computing environments, but of course raises the 
issues of bandwidth, power and privacy management.       

 
3.3 Agent-Centric Model  
 
The characteristics mentioned above are taken as a base in designing the Agent-Centric 
Model. Apart from the above characteristics, additional issues like uneven conditioning, 
localized scalability, client-thickness, etc.. are also considered in this model 
[Satyanarayanan, 2001]. In this thesis, the future computing environments are comprised 
of two types of Agents. 
 



 28

 Definition 3.3.1: The term agent is defined as a computationally autonomous 
resource that has its own server, sensors, intelligent devices, communication and 
networking facilities, and can also interact with other agents and share its resources.  
 
 One type of agent is termed as Location Agent (LA) and the other type is termed 
as Personal Agent (PA). In this thesis the term PA is used to refer to the computational 
resources that are personal to a user and not the user himself. The interaction among the 
agents in these computing environments are always two-way interaction. This provides a 
better platform for resource and context sharing. Since mobile PAs and LAs are present 
in the future computing environments, Ad-Hoc networking is a powerful approach for 
communication. Figure 5 illustrates personal agent, mobile location agent and stationary 
location agent along with its components. As mentioned earlier, each agent has a server. 
The term client or thin-client is used in this thesis to represent the intelligent devices, user 
interfaces, physical sensors, etc. that requires the server to perform computational 
processing of their data. The term client is used to maintain terminology of client-server 
architecture within an agent. This client is different from the client-server architecture in 
networking domain and the reader is expected not to mingle the client-server terminology 
in networking domain with the one described in this thesis.    
 
3.3.1 Location Agent 
 
LA is the type of agent that describes the location context. Many of the activities that 
humans perform are based on the location in which they are present. The set of activities 
that humans perform in an office physical environment is different from the ones that 
they perform in their home physical environment or in a restaurant physical environment. 
This means to say that the physical environment to a large extent dictates the set of 
activities that people perform and also the rules that they follow to perform those 
activities. For example, in a restaurant there is a set of rules to order food; pay the bills 
and interact with the devices in the restaurant environment. The restaurant LA decides the 
rules and not the PA worn by humans. A LA could be either mobile or stationary. Car 
physical environment could be considered to possess Mobile LA, while an office physical 
environment could be considered to possess Stationary LAs.  
 
 Each LA has a server which is as an important component of that LA. Each LA 
attempts to possess maximum level of local autonomy. The physical environments like 
office or university do not have a well defined boundary and are ambiguous. In contrast 
the computing environments with LAs and PAs have well-defined boundaries. Hence 
each LA knows its boundary and range. The range to a great extent determines the type 
of stable network that a particular LA should possess. For example, whether a Local Area 
Network should be used or a Personal Area Network depends on the range coverage of 
the particular LA. This type of networking is termed as intra-agent networking and is 
discussed in chapter 4. The network could be wireless or wired depending on the 
applications. Each LA has both private resources as well as public resources. Private 
resources are resources like sensors, processing power, data, etc. which are a part of the 
LA and is private in the sense that only that LA can use it. Public resources are also 
resources that are a part of the LA, but could be shared with other agents. Each LA has 
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both personal context and external context. The external context is obtained from other 
agents and it is processed to derive higher level personal context. Ubiquitous and mobile 
computing approaches are generally a part of LA.  
 

 
 

Figure 5: Location Agent and Personal Agent. 

 
3.3.2 Personal Agent 
 
PA is the other type of agent in these future computing environments that describes the 
personal context of the user who wears it or possesses it. Wearable and mobile computing 
approaches are generally a part of PA. Each PA has a Personal server which is an 
important component of that PA. This Personal server is the server owned by a personal 
agent and must not be confused with Intel’s Personal server which is discussed in chapter 
5. PAs are always mobile and perform ad-hoc networking to interact with other agents. 
Similar to LAs, they have private resources, public resources, personal context, and 
external context. Multimodal interaction is a special feature of PAs which are the closest 
computing resources to a human. This thesis attempts to design a personal agent which is 
capable of providing anytime, anywhere computing resources to the human wearing it. 
As in most of the prototype designs, all the features discussed under personal agent is not 
developed, but the prototype is built with a foundation on the concepts discussed in this 
thesis, especially in chapter 3 and chapter 4. The concepts discussed as part of location 
agent is also interesting to design, but considering the scope of this thesis, designing and 
developing a location agent is queued for future research projects. But this thesis strongly 
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admits that it is one of the most important limitations of this thesis. The concept of 
location agent and personal agent could not be explicitly evaluated unless a prototype 
design is built in hand. 
 
3.3.3 Decentralization & Distributed Computing 
 
The concept of LAs and PAs are introduced in this thesis with an aim of viewing the 
future computing environments from a global perspective. Many research in these 
computing areas focus on a local perspective confined to a room or at most a building 
[Streitz et.al., 2001]. But ubiquitous computing environments aims at unlimited 
geographical space and this thesis addresses this issue with concepts that have scope of 
unlimited geographical space. 
 
Hierarchical Modeling in Agent-Centric Approach 
Agents are distributed unevenly in the physical environment. The computing is 
performed in a decentralized manner. Each agent has their own server and other 
necessary computing resources. Each location has many locations agents and personal 
agents that visit the physical location dynamically. Hence computing is not performed on 
a centralized server for the entire physical location, including the services for the humans 
visiting the location. Human’s personal services are performed by the personal agent 
worn by the humans. For example, in figure 6, consider the university LA. University LA 
is responsible to provide computing resources to the entire university physical 
environment. As part of its components it has its own server, sensors, intelligent devices, 
etc.., but also other location agents like library LA, electronics LA and cafeteria LA. This 
is to explain that even agents could be a component of an agent.  Electronics LA has lab 
LA and class room LA as its components. When considering university as a physical 
environment, the scope and computing resources required are quite high. The resources 
required are higher compared to current university server settings because in ubiquitous 
environments, there are more data to be stored and processed (especially sensor data).  
 
 Since context aware computing and proactive automated behaviors are also 
important aspects of future computing environments, the concept of single server for the 
entire university is not an ideal solution. Of course, one could argue that in the future the 
server capacity would increase quite fast, but still issues like network latency and 
bandwidth saturation would affect the performance. Range coverage of each individual 
agents is an important issue in this agent-centric approach. It is important that the agents 
are rich enough to make sure that the entire physical environment like a university is 
covered with few location agents. But at the same time there is a concern that network 
overloading and computing resource centralization could affect the actual visions of 
ubiquitous computing. Hence this thesis believes that there needs to be a balance in 
describing the range of an agent to be economical as well as effective. 
 
 Hierarchical modeling is suitable for agent-centric approach, since most of the 
physical environments are modeled based on hierarchy. For example, in a university 
environment there are many departments, with each department having many teachers, 
and each teacher having many projects and there are students who are working in those 
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projects. Of course other types of modeling that does not follow hierarchical structure 
could also be used, but are less effective in modeling real world situations. The general 
way to represent a Hierarchical Agents is in a tree format. Object-oriented concepts like 
inheritance, encapsulation, etc. are important aspects of Hierarchical modeling. Hence an 
agent in a Hierarchical structure benefit from acquiring computing resources from its 
parent agent like inheritance in object-oriented terms.    

 
Figure 6: Hierarchical distribution of Locations agents and Personal agents. 
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3.3.4 Uneven Conditioning 
 
According to [Satyanarayanan, 2001], the computing resources available at various 
geographical locations are uneven, which is explained with the concept of uneven 
conditioning. In ubiquitous computing environments there is always an issue of whether 
the physical environment should be computationally rich or the humans wearing 
computing resources should be rich. By making the physical environment 
computationally rich, the computing resources worn by the humans could be made thin 
and the vice-versa. This thesis supports the approach of making both the physical 
environment computing resources and wearable computing resources equally rich. This is 
because the humans with wearable computers may find themselves in a place where there 
is not much computing resources available and should use their personal computing 
resources to fulfill their computing needs. Hence each agent is neither a client nor a 
server. It is expected to be considered as a computing node as in networking terms. As 
discussed earlier each agent has a server and many intelligent devices, user interfaces, 
sensor, etc. which are considered as clients within the scope of this thesis. 
 
 In figure 6, PA 1, PA 2 and PA3 are all in forest physical environment which is 
computationally poor. On the other end, there could be physical environments visited by 
humans without wearing their computing resources. In this extreme scenario, the humans 
are obliged to use the computing resources available in the physical environment. For 
example, it could be a computationally rich bank environment visited by humans without 
sufficient personal computing resources. In ideal scenario both the physical environment 
as well as the human’s personal computing space should be designed to be 
computationally rich to extend ubiquitous computing environments to unlimited 
geographical space. But as mentioned by Satyanarayanan, there are always some 
locations that are computationally more powerful than the others. This thesis emphasizes 
on making both the location agent as well as the personal agent rich in computations. Of 
course, there is considerable advantage in not carrying or wearing personal agent thicker 
than absolutely necessary, but the proposed richness is to handle computationally dummy 
physical environments. In figure 6, within the university LA, there are many LAs like 
cafeteria LA, electronics LA and library LA. For instance, library LA could be 
computationally richer than cafeteria LA. This is to show that even within a specific 
parent LA, there could be children LAs that are computationally unequal.  
  
3.3.5 Client Thickness 
 
As mentioned earlier this thesis uses the term client to refer to intelligent devices, sensors, 
etc. which uses the agent’s server for further computing. An agent contains both the 
clients as well as a server. There is an issue of client thickness in designing agents for 
future computing environments. A thick client is a client with rich computing resources 
and does not request the server for major proportion of its computing resources. A thin 
client depends on a server to fulfill its computing needs. According to [Satyanarayanan, 
2001],  
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 Definition 3.3.2: “The minimum acceptable thickness of a client is determined by 
the worst-case environment conditions under which the application must run 
satisfactorily”.  
 
 This thesis proposes agents to be computationally rich. Thin clients have some 
limitations regarding local infrastructural requirement, low-latency wireless 
communication with high band-width, power management, etc… Agent-centric approach 
provides the infrastructural requirement for the thin clients since either a location server 
or a personal server is always present as a part of the agent. Clients like sensors, tangible 
interfaces, intelligent devices, objects in the environment, etc. are expected to be as thin 
as possible. This ensures that the thin client make use of the rich server for computing 
needs. Hence all the intelligent devices and objects in the environment and on the 
human’s clothes are as thin as possible. The advantages it that, from an engineering point 
of view it is easy to build intelligent objects like a coffee cup or a pen with thin 
computing resources compared to thick computing resources. Hence there is no 
substantial difference between an intelligent coffee cup and an ordinary physical coffee 
cup. Hence the intelligent objects fit naturally into the physical environment instead of an 
explicit effort to embed intelligent objects into physical environments.  
 
3.3.6 Localized Scalability 
 
This is another important design challenge in agent centric approach. Both the location 
agents as well as the personal agents are requested for interaction in smart space. But 
since both types of agents are rich, the intensity of interaction between the agents or 
components of agents increases. This increases the distraction level for the humans in 
performing their activities. Hence according to [Satyanarayanan, 2001],  
 
 Definition 3.3.3: “The density of interactions has to fall off as one moves away – 
otherwise both the user and his computing system will be overwhelmed by distant 
interactions that are of little relevance”.  
 
 Hence agent designer must consider giving priorities to interaction that are local 
compared to the ones that are from distant. The framework to be discussed in chapter 4 
proposes semantic web connectivity of all agents as an important design consideration. In 
agent-centric approach an agent is expected to interact with higher intensity when 
interacting with local agents compared to interactions with agents connected to the 
semantic web.   
 
3.3.7 Privacy & Security 
 
Privacy and security are very important aspects of agent-centric approach since future 
computing environments are based on sharing of sensors, processing, data, context and 
services. Hence the agents have a separate distinction between private resources and 
public resources (discussed earlier). Public resources of an agent are shared with other 
agents, but private resources are personal to the agent and are not shared. The agent 
requesting for a resource is considered before declaring whether the requested resource is 
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public or private by the resource providing agent. This function is performed by policy 
manager according to the framework to be described in the next chapter. Sharing 
resources to some extent depends on the context in which the agent is in (both external 
and internal context) as well as on the level of trust the agent has on the requesting agent. 
Context aware computing is discussed in the next chapter and it is used by the resource 
providing agent in deriving the level of trust on the resource requesting agent.  
 
3.4 Summary 
 
This chapter described the characteristics of future computing environments and their 
motivation in agent-centric approach. Agent-centric approach was introduced as a means 
to extend ubiquitous computing to unlimited geographical space. The Agent-centric 
model was discussed in detail considering the issues like localized scalability, uneven 
conditioning, client-thickness, etc… Hierarchical approach was also discussed 
considering the hierarchical structure of most of the physical environments.  
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Chapter 4 
 

A Framework for Implicit HCI  
 
This chapter describes a framework for implicit HCI. This framework is based on issues 
that need to be considered in designing an interactive system, efforts from other research 
and from the experience in designing a wearable object manipulation tracker. This thesis 
admits the fact that comprehensive empirical proves is unavailable at this stage to 
evaluate this framework. One could agree that the term framework might even be 
inappropriate to be used in this context, but considering the fact that these efforts are 
more to establish a base for further research; this thesis uses the term framework. There 
are six main components in this framework. 
 

1. Knowledge Manager 
2. Context Manager 
3. Interaction Manager 
4. Networking Manager 
5. Policy Manager 
6. User Interfaces     

 
This chapter also discusses the issues involved in the above mentioned components, 
various possibilities, their advantages and limitations as well as the suggested approaches 
based on this framework. This framework is designed based on technologies like 
semantic web, content-based knowledge representation, content-based routing, context-
aware interaction, peer-to-peer networking, etc… 
 
 Figure 7 illustrates implicit HCI in the proposed framework. The physical 
environment consists of sensors, intelligent devices, tangible user interfaces, embodied 
user interfaces, explicit input, automated behaviors, etc… Intelligent devices are normal 
devices like microwave oven or refrigerator with sensors and communication capabilities 
to integrate themselves with the virtual environment. Tangible user interfaces, multi-
modal interfaces, etc. provide interface to the virtual world through physical, natural and 
biological means. Automated behaviors are generated which could be experienced by the 
user in the foreground or in the background. Explicit user input is requested by the virtual 
environment in situations where in the implicit input and the derived contexts are 
ambiguous. Humans are also a part of the physical environment in which they live and 
perform their activities.   
 
 Virtual environment is the future computing environment consists of mobile 
location agents, stationary location agents, personal agents, etc. The framework proposes 
knowledge manager, context manager, interaction manager, networking manager and 
policy manager to be a part of the agents present in the virtual environment. The gap that 
prevails between the physical environment and the virtual environment is expected to be 
an invisible and transparent gap in use.     
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Figure 7: Implicit HCI in the proposed framework. 

 
Human Activities 
Humans perform many physical activities in the physical environment. Common physical 
activities are walking, eating, cooking, drinking coffee in a cup, etc… The internal 
biological activities and the internal cognitive activities are beyond the scope of this 
thesis to be considered, but are also difficult to be perceived by an agent. But activities 
performed by manipulation of objects in the physical environment, the human body 
position, their multi-modal inputs, etc. could be perceived by the agents and used to 
derive the physical activity performed by the human in the physical world. Section 4.3.4 
discusses how manipulation of physical objects and repetitive body movements could be 
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used to derive the activity performed by the user. Figure 8 illustrate the physical actions 
being captured by the agent and provides virtual assistance. 
 

 
Figure 8: Physical Actions with virtual assistance. 

 
4.1 Standardized Ontologies for Agent-Centric Approach 
 
In an effort to shift implicit HCI to unlimited geographical space and achieve the visions 
of implicit HCI, there is a need to build systems that possess standardized ontologies for 
knowledge sharing and well defined declarative semantics to reason about contextual 
information and perform networking. Standardized ontologies are Content-oriented 
approach that is used to represents knowledge, share knowledge, derive higher-level 
context, and perform networking, policy management and interaction management based 
on content of data.  
 
 The aim of standardized ontologies is to improve semantic interoperability among 
distributed agents. Semantic interoperability is an important means to achieve implicit 
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HCI. Languages like OWL, DAML [DAML], XML, etc. are available to create ontologies 
and describe the semantics of data.     
 
4.1.1 Ontology 
 
Ontology is a term borrowed from philosophy denoting a systematic account of existence. 
According to [Gruber, 1995],  
 
 Definition 4.1.2: “Ontology is defined as a set of classes, relations, functions, 
and object constants for some domain of discourse, and includes an axiomatization to 
constraint the interpretation. A body of formally represented knowledge is based on a 
conceptualization; the objects, concepts, and other entities that are assumed to exist in 
some area of interest and the relationships that hold among them. A conceptualization is 
an abstract, simplified view of the world that we wish to represent for some purpose. 
Every knowledge base, knowledge-based system, or knowledge-level agent is committed 
to some conceptualization, explicitly or implicitly. An ontology is an explicit specification 
of a conceptualization”.  
 
 Figure 9 illustrates ontology of vehicle known as vehicle world. The framework 
proposes building standardized ontologies for sensors, policies, networking, services 
available, etc…  
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Figure 9: Vehicle World [Mizoguchi, 2003]. 

 
4.1.2 Semantic Web 
 
The concept of semantic web is a motivating factor to consider in an effort to  
Standardize Ontologies [Semantic Web, 2001]. W3C is a research group working to 
establish the semantic web which is expected to provide richer and more semantic 
description of web resources. The set of standards allow machine understandable 
information exchange [Berners-Lee et. al., 2001]. The semantic web is not a separate web, 
but an extension of World Wide Web where the machines can understand the data and 
process them accordingly. World Wide Web takes advantages of its global presence but 
fails to provide data and information that can be processed automatically. Semantic web 
is based on decentralized architecture that makes it conducive for future computing 
environment that are dependent on context aware computing. Semantic web is a model 
for knowledge representation, which provides semantic information to information in the 
existing World Wide Web. 
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4.1.3 Web Ontology Language (OWL) 
 
OWL is a powerful language for defining ontologies [Mizoguchi, 2004], [Antoniou & 
Harmelen, 2003]. OWL has many advantages compared to other ontology defining 
languages like RDFS [Brickley, 2003]. It is more expressive and support semantic 
interoperability to exchange and share context knowledge between different systems that 
enable automated reasoning and perform automated behaviors, which is an important 
aspect of implicit HCI. OWL is modeled based on object-oriented approach and the 
structure of its domains are in terms of classes and properties. This gives the advantages 
of introducing new classes and new objects without disturbing the existing design, 
enabling inheritance and knowledge reuse. OWL is also going to become an open W3C 
standard [Berners-Lee et. al., 2001]. 
 
4.1.4 Advantages of Standardized Ontologies 
 
The following are the advantages of Standardized ontologies with explicit semantic 
representation. 
 

Knowledge sharing – Context ontology could be used to represent context since they 
define a common set of concepts that could be shared by other computing agents 
and devices in the future computing environment. 

 
Logic inference – An ontological approach enable various logic reasoning 

mechanisms to deduce higher level conceptual context from low-level raw context 
obtained from sensor readings and also to check and solve inconsistent context 
knowledge due to imperfect sensing. 

 
Knowledge reuse – Well-defined ontology from various domains could be used in 

building a new ontology which eliminates the task of building it from the scratch. 
 
Data structure – Ontology supports data structure appropriate for information 

description and exchange since it is stored in the database as conceptual schema. 
Implicit HCI is highly dependent on the context aware computing and to achieve 
it, sensor data needs to be complemented with quality overheads like accuracy, 
precision, etc. which is well supported by ontology based data structures.  

 
Unsupervised model estimation – Building models are an important task in implicit 

HCI where many real-world events are considered for processing. Model 
topology and parameters need to be estimated automatically without user 
interaction or explicit definition of input/ output behavior. Ontology provides 
concepts and relations that could be used in building models that represent real-
world events. Hence ontology specifies the models to build by giving guidelines 
and constraints that need to be satisfied [Mizoguchi, 2003]. 

 
Semantic interoperability – metadata used in semantic web is built on the basis of an 

ontology which constrains and partially defines the meaning of each tags and 
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values. Interpretation and translation of the metadata can be done via ontologies. 
Hence ontology based approaches guarantee semantic interoperability among 
metadata [Mizoguchi, 2003]. 

 
4.2 Knowledge Manager 
 
Data model is a conceptual representation of data in a database. The data model to be 
used in future computing environments is quite different from the ones that are used in 
this current era of computing. Concepts like data & knowledge sharing, knowledge reuse, 
etc. are important issues that need to be addressed in these environments. Hence this 
thesis proposes a framework in which data is represented in standardized ontologies and 
these standardized ontologies are used in data modeling. 
 
 Knowledge manager is responsible to store and update the knowledge acquired by 
an agent. This module is also responsible for knowledge sharing in distributed agent 
environments [Heflin, 2001].  
 
 

 
Figure 10: Components of Knowledge Manager. 
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4.2.1 Components of Knowledge Manager    
 
Knowledge Manager consists of four components. They are database, knowledge base, 
knowledge exchanger and knowledge synchronizer. Figure 10 illustrates the components 
of knowledge manager.  
 
Database 
The entire agent has a common database which is maintained by the knowledge manager. 
This database is used by context aware manager, networking manager, interaction 
manager, etc. to derive higher-order useful knowledge that is required in their respective 
domains. 
 
Knowledge base  
This is one of the most important components of an agent which contains all the higher-
order derived knowledge required by the agent. This knowledge base is also used by 
context manager, networking manager, policy manager, interaction manager, etc. to 
manage the functioning of their respective domains. Knowledge base is an important 
component for knowledge sharing in distributed agent environment where the knowledge 
derived by an agent is exchanged with other agents without the need for the knowledge 
requesting agent to know the underlying principles involved in knowledge inference. 
 
Knowledge Exchanger 
This module is responsible for knowledge exchange with standardized knowledge 
exchange protocols. This module searches for semantic knowledge available in the 
distributed agent-centric environment and also handles the requests from other agents. 
Networking manager is responsible for the networking facility using technologies like 
semantic web, or wireless LAN, etc…  
 
Knowledge Synchronizer 
This module is responsible to make sure that the knowledge that is shared by the agents is 
synchronized and consistent. Since future computing environments are highly dynamic in 
nature there is a need from the knowledge synchronizer to send a notice of the knowledge 
updates that have taken place within an agent’s knowledge base to the agents that are 
dependent on its knowledge. 
 
4.2.2 Knowledge Latency 
 
Knowledge latency is the time delay for an agent to receive the knowledge updates 
performed in another agent. This is an important issue to be considered since the agent 
facing knowledge latency may actually have used or is currently using the knowledge 
that is not the updated version resulting in errors. 
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4.3 Context manager 
 
Context manager is the component that performs context aware computing. It receives 
the user input either implicitly or explicitly through the Interaction manager described in 
section 4.4, and performs context aware computing and reports the contextual 
information to the Interaction manager.    
  
4.3.1 Existing Context Aware Computing Approaches 
 
As discussed earlier, context awareness is an important aspect in implicit HCI. There are 
many context aware research that exist such as Context Toolkit [Dey et. al., 2001], HP´s 
cooltown [Kindberg et. al., 2001] and MIT´s AIRE spaces [Aire]. Object oriented 
approach, Logic-based approach and ontology based approach are the most commonly 
used approaches in context aware computing. 
 

Object oriented modeling approach for context aware computing is used in TEA 
project [Esprit TEA, 1998]. Object oriented approaches take advantage of encapsulation 
and reusability, which is an important characteristic of future computing environments. 
When ever a new type of contextual knowledge needs to be added to the existing system, 
new class could be defined and updated instances are handled by the objects.  
 
 Logic-based approach focus on defining the contextual information in the form of 
facts, expressions and rules. The process of reasoning or inference is used to infer 
contextual expressions or facts. These models are highly dependent on formality which is 
not conducive for ubiquitous environment where the contexts are more often dynamic.  

 
Shared Ontological approach focus on context ontology and explores the 

potential capability of context reasoning based on Semantic Web technologies. CoBrA is 
an ontology based context modeling approach that provides a set of ontological concepts 
to characterize entities such as persons, places, etc. within their context [Chen et. al., 
2003]. The CoBrA system uses a broker-centric architecture to provide runtime support 
for context aware systems. 

 
4.3.2 Components of Context Manager  
 
Context Manager is a part of an Agent’s server and it contains three important 
components. They are inference engine, semantic converter and context acquisition. 
Figure 11 illustrates the context sensing of an agent from both internal and external 
sources and perform context aware computing by the context manager.  
 
Semantic Converter 
This module converts the contextual input obtained from heterogeneous sources to a 
standardized semantic format understandable by the agent and could be used to derive 
higher level context. For instance, the contextual input obtained from semantic web will 
be in standardized semantic format and there is no need for conversion before deriving 
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higher-level context. But preliminary contexts obtained from physical sensors, multi-
modal interaction, and etc. provides contextual information in formats other than the 
standardized semantic format. Hence there is a need to convert the preliminary contextual 
information to standardized semantic format, which is done by the semantic converter. 
 
Context Acquisition 
This module takes care of computing the contextual information from the preliminary 
context available, knowledge base and the inference engine. Section 4.3.4 discusses in 
detail the approach proposed by this thesis.  
 
Knowledge Base   
The module stores the acquired contextual information which could be used to derive 
higher-level context, provide contextual information for automated behaviors, etc… 
Knowledge base is expected to store the context information in standardized ontology 
format since this information is also used for knowledge sharing in distributed 
environments. Knowledge base needs to be modeling considering the dynamic nature of 
real-world situations. Knowledge base also stores the data resources, and computing 
resources capabilities of an agent in the standardized ontological format in the knowledge 
base for the other agents to discover resources and request for appropriate services. 
 
Inference Engine 
This module reasons over the acquired context and also derive higher level context and 
store them in the knowledge base. Inference engine usually contains inference rules or 
logics for context inference. This module checks for consistency in the derived context 
and the contexts available in the knowledge base. This module also concludes if the 
acquired context is free from ambiguity and the confidence level at which the acquired 
context is proved to be unambiguous. If the acquired context is ambiguous and the 
system understands that it is due to improper implicit input, then explicit input is 
requested from the user. 
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Figure 11: Context sensing from internal & external sources and Context aware 
computing by context manager. 

 
4.3.3 Context Sensing 
 
Context sensing is the process of obtaining contextual information from various sources 
to derive higher level contexts. There are various sources to obtain context. Context could 
be of two types – external context and internal context. External context are context 
obtained from components which are not a part of that particular agent, while internal 
context is obtained from components of that agent.  
 
 Existing work on context sensing include Media Cup [Gellersen et. al., 1999] 
which senses the state in which each cup is like warm, cold, on the table etc. and send 
this information to a server that obtains state of other cups as well to derive contextual 
information. Esprit Project was started to design a sensor board that give context 
information – TEA (Technology for enabling Awareness) [Esprit TEA, 1998]. 
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Figure 12: Media Cup [Gellersen et. al., 1999]. 

 
External Context 
Contexts from other agents, information servers, semantic web and intelligent devices 
that are not a part of that agent are considered external context. Context from various 
sources could be in heterogeneous formats. This induces a need to convert the context 
from varied formats to a universal format that aids in context inference and also in 
context sharing. 
 

Context from Information Servers – Context could be obtained from information 
servers like google or yahoo. For instance, flight schedules of Scandinavian 
airlines could be obtained from their information server. This information is then 
converted to OWL format by Semantic Converter, which is a part of the context 
manager. Information servers are used not just as passive information source for 
implicit HCI. By knowing the flight schedules, the context aware system could 
book a flight ticket for an agent, which will be discussed later as automated 
behaviors.  

 
Context from Semantic Web – Semantic web is more expressive in representing 

contextual information in a standardized format. It is expected to express semantic 
information in OWL ontology describing language. This makes it easier to 
integrate it to the approach described in this thesis. Hence an agent can obtain 
contextual information from semantic web with higher confidence assurity that 
the obtained contextual information refers to the same definition as assumed by 
the agent. The universal range of semantic web aids context aware computing to 
be prevalent at a global scale, instead of confining to a room or maximum a 
building. This ensures contextual information to be shared across the globe. 

 
Context from External Agents – As described earlier, the term agent refers to either 

personal agent or location agent. Since all agents store context in a standardized 



 47

format, it is convenient and useful to use contextual information from external 
agents. For example, let us consider a restaurant scenario in which a personal 
agent enters the restaurant physical environment and interacts with the restaurant 
location agent. Here the location agent has a set of domain concepts (ontological 
term) which could be downloaded by the personal agent, while the location agent 
could download the personal agent´s domain concepts as well. This aids both 
agents to know the policies and privacy issues of each other. They are used by the 
policy manage to know who access the data, which data is public to the other 
agent and which is not, etc... Inter-agent interaction is modeled using Peer-to-Peer 
network topology to achieve scalability and reliability as discussed in section 
4.5.4. 

 
Context from Intelligent Devices – Intelligent devices could be an internal part of the 

agent or an external part that provides contextual information to that agent. For 
example, an intelligent refrigerator has its own context like temperature, items 
that it contains, etc. which is sent to the context manager through the interaction 
manager. This intelligent refrigerator with sensors is an intelligent device. The 
contextual information could be in OWL format or in other formats. The semantic 
converter in context manager takes care of it to convert it to OWL format to 
maintain uniformity. A mobile phone or a PDA could be considered as another 
device that provides contextual information to the server. It is worth analyzing 
that most of the contexts obtained from these devices are less ambiguous when 
compared to context information obtained from physical sensors. Another 
characteristic of these contexts are that they are already a lower-level context that 
does not need to be converted to a signal and processed to obtain lower-level 
context. But of course one could argue that camera for instance is an intelligent 
device that captures the visual information to perform further processing on it to 
derive contextual information. This thesis considers these types of devices as 
sensors and not intelligent devices. Camera for instance is a visual sensor and not 
a visual intelligent device. Fridge is an intelligent device because its purpose is 
not sensing by to preserve the food inside it. Mobile phone is an intelligent device 
since its purpose is to connect people.  

 
Contextual information obtained from information servers, semantic web, external 

agents and intelligent devices are generally in standard formats and less ambiguous 
compared to the ones obtained from sensors, tangible user interfaces, multi-modal 
interfaces, etc... 
 
 
Internal Context 
Internal context are context obtained from various components within the agent. These 
contexts include contextual information from sensors, tangible user interfaces, multi-
modal interfaces, intelligent devices, etc… 
 

Context from Intelligent Devices – This was discussed earlier. 
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Context from Hierarchical Internal Agents – Hierarchical Internal Agents are agents 
that are a part of a hierarchical representation. For example considering the figure 
6 in section 3.3.3, electronics LA can acquire internal context from university LA 
and lab LA since both these LAs are a part of the hierarchical structure in which 
electronics LA is present. Similarly if electronics LA needs context information 
from cafeteria LA then this context is also considered internal since the 
relationship between these two LAs is sibling relationship.  

 
Context from Sensors – Sensors could be physical sensors like temperature sensor, 

pressure sensor etc., visual sensors, magnetic sensors, radio sensors etc… See 
appendix A where various types of sensing technologies are discussed in detail. 
This survey of sensing technology was mainly on location sensing domain but 
could be easily extended to other domains that are important in ubiquitous 
computing environments.  

 
Many issues need to be considered when designing a context aware system based 

on sensors. Sensors have parameters like accuracy, precision, limitations, range, update 
rates, etc. that makes it difficult to obtain accurate and comprehensive context 
information. Hence there is a definite need to convert these raw sensor data into signals 
and process them before using them to derive low-level contexts. This is one of the task 
of the interaction manager, which knows the source of sensed data and the type of 
processing required for that source. There are many approaches like context toolkit [Dey 
et. al., 2001], CoBrA [Chen et. al., 2003], etc. that are designed with the assumption that 
the sensor reading could be directly used in their architecture without the need for 
preliminary signal processing. From the higher-level contextual inference point of view 
these approaches are appreciable, but there is a major weakness in sensing the lower-level 
context, which is of course the basis on which higher-level contexts are derived. This 
thesis addresses these sensing issues more carefully since any context that is derived from 
ambiguous, incomplete or inaccurate data is bound to be error prone. 
 
4.3.4 Context Acquisition 
 
There are approaches that are completely high-level infrastructure-based like Context 
toolkit [Dey et. al., 2001]. There are other approaches like Neural Network House [Mozer, 
1998], that focus on obtaining context locally on individual devices without a need for a 
rich infrastructure. The advantage of the former approach is to have a standardized 
representation and inference of contextual information, and in context sharing across 
networks. This is a Top-down approach. But the limitations of this approach is that, these 
approaches assume that context inference is straight forward once the readings are 
obtained from the sensors, but fail to understand that context derivation at the lower level 
from sensors is not straight forward. The latter approach takes advantage of solving 
ambiguity in determining the context on case-by-case basis, but fails to provide 
standardized higher-level context inference and knowledge sharing across networks. The 
approach proposed in this thesis is the combination of both approaches where the initial 
case by case context is obtained through approaches that does not require rich 
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infrastructure like a knowledge base, inference rules, etc. and higher-level context 
derived in a standardized way.   
 
 In a scenario to sense the physical activity performed by a person, let us consider 
two types of physical activities.  
 

Walking, Swimming, etc… - The first activity is repetitive motion of the body and 
limbs of that person in the form of walking, running, swimming, etc… For these 
type of activities, wearable computers are required that sense their activities. This 
is very similar to the prototype system that is developed for this thesis described 
in chapter 5. Bend sensors could be used in all the exo-skeletal joints of that 
person, and according to the extent each sensors bend; they give appropriate 
resistance value which could be used to model actions like walking and running. 

 
Physical Objects manipulation - The second type of activities involves manipulation 

of objects in the physical environment that determine that person’s activity. For 
example, a specific movement of coffee cup indicates that the person is drinking 
coffee. A specific manner in which a pen is manipulated determines if that person 
is writing or thinking.  

 
Here the sensor readings are highly dependent on the user, his location, time, 

user-specific training data, etc... A supervised neural-network based approach could be 
used for this scenario, but even to that approach the type of supervised training depends 
on the particular case-by-case study. Hence it is highly unlikely to build a model that 
addresses all the cases in a standardized way. It is also difficult to build knowledge bases 
and update inference rules to cater to the needs of dynamic real-world contexts. Hence 
this thesis acknowledges the need to have thin-infrastructural approaches to derive 
preliminary context like, “Fabien is walking” or “Klara is drinking coffee”. But this 
thesis does not specify any specific AI approach to model particular scenarios as it is 
beyond the scope of this thesis. Approaches could range from clustering algorithms to 
neural networks.  
 
 Ontology based context derivation is a higher-level infrastructure-based approach. 
This takes advantage of standardized higher level context inference and context sharing, 
but in any case has the limitations of a closed-world assumption. The advantages of a 
standardized ontology for context were already discussed in section 4.1.4. Closed-world 
assumption is an artificial intelligence term to describe the limitations of a rich-
infrastructural approach. The framework proposes strong ontology based context 
inference at the higher-level for context inference and sharing, while thin-infrastructural 
approach to obtain preliminary context from sensors. Interaction manager is responsible 
for this sensor processing and providing preliminary context to the context manager while 
the context manager is responsible to convert the preliminary context into a standardized 
format to derive higher-level context and store the results in a knowledge base. The 
proposed approach is based on strong theoretical background and is yet to be proved 
through empirical evaluations. 
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4.3.5 Context Prediction 
 
Context aware computing is beyond current context inference. There are situations where 
in future contexts need to be predicted to make the interactive system proactive which is 
an important aspect of implicit HCI. A reactive interactive system depends on current and 
past contexts, but a proactive interactive system depends on current, past and also future 
contexts. Data mining aims at extracting useful and interesting information from a large 
collection of data. According to [Edelstein, 1998],  
 
 Definition 4.3.1: “Data mining is a process that discovers useful information in 
data that may be used for valid predictions”. 
 
  Generating information in dynamic, uncertain and distributed environments and 
to make decisions based on them require techniques like data mining that varies its 
behavior and functionality in accordance with the context.   
 
 Machine Training is another approach that is available for context prediction. 
There are issues that need to be considered while designing machine training algorithms. 
An important issue is How to train the system? In future computing environments most of 
the events that take place are in real-time where in an explicit training by the user will 
distract him from performing his normal physical activities. The dynamic nature of these 
environments always introduces new data sets that need to be trained in real-time to make 
the system adaptive to the current context. Hence any algorithm that is designed must 
consider this issue to achieve the visions of implicit HCI.    
 
4.3.6 Context Sharing 
 
Knowledge representation in artificial intelligence terms is a structured collection of 
information and sets of inference rules to perform automated reasoning. Traditional 
knowledge representation systems were centralized and hence sharing the same definition 
was not complex. But in future computing environments, where decentralized 
architectures are more prevalent, there is a need to have same definition of common 
concepts. Different databases can use different identifiers to refer to the same concept. 
Hence there is a need to develop common knowledge sharing among various agents in 
these computing environments, which was already discussed in section 4.1. Hence 
ontology based systems cater to these needs by developing ontologies, which are 
collection of information in the form of a taxonomy and a set of inference rules. The 
taxonomy defines classes of objects and relations among them. More relations could be 
added to the system by assigning properties to classes and allowing sub-classes to inherit 
such properties. Inference rules in ontologies aid in the effort to perform automated 
reasoning.  
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4.3.7 Context Aware Computing is ambiguous 
 
Implicit HCI strongly depends on context aware computing. Implicit input sensing and in 
turn context sensing is an important phase in context aware computing. But context 
sensing is a complex and ambiguous process. The reason for this complexity is beyond 
technological terms. The term Context as such is multi-dimensional. The various 
dimensions of context include physical, social, interaction and psychological.  

 
From a technological point of view, we use sensors to obtain implicit input 

information. But sensors have many limitations. In real world many events occur, but 
sensors pick up only a few of those events, and even the few that is sensed yield varying 
information depending on the sensor and sensing characteristics. Context inferred from 
this information is more likely to be ambiguous and misleading. [Grudin, 2001] describes 
about the temporal context that is lost when not stored in a database and attentional 
context that is missed when the system expects the user’s attention, but the user is 
actually busy with other activities.  

 
From a non-technological point of view, context is a dynamic construct which is 

not completely predictable due to physical, social, emotional, intentional and cognitive 
aspects of human. According to [Suchman, 1987], “Human cognition and subsequent 
action is an emergent property of the moment-by-moment interaction of an individual 
with his or her physical and social environment”. According to [Bellotti & Edward, 
2001], “There are human aspects of context that cannot be sensed or even inferred, so a 
context aware systems cannot be designed simply to act on our behalf”. Activity Theory 
by Nardi [Nardi, 1995] suggest that context is dependent on the person or group doing 
the activity, the need or desire to do the activity and the manner in which the activity is 
performed. According to [Greenberg, 2001], context is situation dependent, with external 
context like the artifacts, the physical environment, people, etc. which are capturable, but 
still difficult to formulate a context from it and internal context like individual’s interests, 
their history of interaction, their current objectives, the state of their activity, etc. which 
are extremely difficult to capture. This thesis acknowledges the inability to design a 
completely autonomous context aware system. This is one of the important limiting 
factors in implicit HCI.  

 
Conflicting implicit inputs 
Implicit inputs may sometimes be conflicting due to improper sensing, technological 
limitations, or due to other technical reasons. How to resolve conflicting inputs? Which 
mechanisms are better for a particular context? In what situations human intervention is 
required to resolve conflicting inputs? These are some research questions whose answers 
are important to mitigate ambiguity in context aware computing. 
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4.3.8 Approaches to Mitigate Ambiguity 
 
There are various approaches to mitigate ambiguity. Probability based, Machine learning 
and user mediated approaches are discussed in this thesis. 
 
Probability based Approach 
In this approach, all the sensor data, derived preliminary contexts, higher level context, 
inference rules, etc. have an accompanying probability overhead along with them. Hence 
any sensed data could be analyzed with its probability measure to determine if the sensor 
data is reliable to be used for further processing or needs to be discarded. Similarly, all 
preliminary contexts, higher order contexts, etc. represent context with a probability 
measure that describes their reliability. Information within threshold probability limits are 
accepted while the rest is rejected. Judd & Steenkiste introduced a context aware system 
that uses meta-attributes such as accuracy, confidence, update time and sample interval to 
reduce ambiguity [Judd & Steenkiste, 2003]. Gray & Salber also included quality 
attributes to known to what extent the deduced context is reliable [Gray & Salber, 2001]. 
 
Machine learning 
In this approach, the interactive system is trained with training sets and the system builds 
an internal map of the real-world. Hence in situations where in ambiguity arises, the 
system is able to predict the actual context and mitigate ambiguity. Training the system is 
an important issue that was discussed earlier. Horvitz et. al., discuss a system based on 
machine learning to handle ambiguities and make reliable predictions [Horvitz et. al., 
1998]. 
 
Explicit Input  
According to Bellotti & Edwards, completely autonomous context aware system is 
impossible to build [Bellotti & Edwards, 2001]. This thesis also takes the same stance 
and addresses explicit user input as an inevitable aspect of implicit HCI. The term user 
mediation was introduced by [Dey et. al., 2000] to resolve imperfectly sensed context. 
This thesis uses the term explicit input which is more appropriate than the term user 
mediation. Explicit input was already discussed in chapter 2.   
 
4.4 Interaction manager 
 
Interaction manager is a logical component that co-ordinates data and manages the 
execution flow from various input and output sources. The interaction manager maintains 
the interaction state and obtains the context from context manager to coordinate 
automated behaviors. Interaction manager is also responsible to perform signal 
processing of input data before it could be presented as preliminary context to the context 
manager.  
 
4.4.1 Components of Interaction Manager 
 
Interaction manager, which is a part of an agent’s server, has three modules. They are 
input management module, output management module and Synchronization & co-
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ordination management module. Figure 13 illustrates the components of an interaction 
manager.  

Figure 13: Components of Interaction Manager in an Agent’s Server. 

  
 Interaction manager is a part of an agent’s server. It performs input processing as 
well as output processing. This aids the interactive system designer to design the clients 
to an agent’s server as thin as possible. Thin clients include intelligent devices like 
mobile phone, physical sensors, tangible interface objects, multi-modal interaction 
devices, etc… There are also possibilities or even requirements to perform input and 
output processing in the thin-client itself in some specific cases. In such cases, input/ 
output processing could be performed in the client itself. But this thesis considers the 
benefits of designing thin-clients instead of thick-clients and hence proposes to make the 
clients as thin as possible. This was already discussed in section 3.3.5.    
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4.4.2 Input Management 
 
One of the primary focuses of interaction manager is to manage the inputs obtained from 
the various user interfaces. The interaction manager is responsible to choose the right 
sources of input, process those input to add semantic value to those sensed data and send 
the preliminary context to context manager that manages context aware computing. 
 
Input Recognition & Processing 
Many of the implicit inputs that are available in the physical environments need to be 
first recognized as inputs, since some inputs are comprehensively integrated with 
physical environments and physical activities. Since many of the inputs are in the analog 
form, there is a need to process them before they could be interpreted as useful 
information. How to process the implicit input? Are they processed in the thin client or in 
the server? What are the techniques that could be used to process the inputs? Could 
model based processing, machine learning based processing, etc. be used? These are 
interesting research questions to answer. 
  
Input Interpretation & Integration 
The results obtained from input recognition and processing module needs to be 
interpreted to identify the semantics intended by the user. Input integration involves 
combining the interpreted information from various sources to derive higher-level and 
more consistent information. Sensor fusion is a technique that is popularly used in the 
field of robotics.  
 
 Definition 4.4.1: “Sensor fusion is the process of combining multiple sensor 
readings, where in the sensors could be of heterogeneous in nature to resolve ambiguities, 
increase robustness due to redundancy and capture different properties of the same real-
world objects. Fusing of sensor data requires some degree of redundancy among the 
sensor data and also a common model. Merging sensor readings from similar sensors 
increases the ability to understand the context of the environment better”. 
 
  This approach of detecting context by using multiple diverse sensors is discussed 
in [Mayrhofer, 2003]. Dead-reckoning is another technique that could be used as an 
option in situations where in only insufficient data is available or latency problem has 
resulted in reading the sensors. The idea is not to wait for the latest current sensor 
readings for fusion in the interaction manager, but to use the historical data for processing 
during runtime to generate more real-time values. This technique could be used 
depending on the type of sensing technology used. 
 
Beyond numerical input data 
Even though obtaining context from multiple diverse sensors is a good solution to sense a 
better picture of the environmental context, there are other factors like for instance 
quality of the sensed context, non-numerical features of the sensed context, etc. should be 
considered before deriving the preliminary context. Building sensor ontologies aid in 
determining the quality of the sensed data which is an important aspect to derive 
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unambiguous and reliable context. This gives rise to concepts like feature extraction 
which is discussed in [Clarkson et. al., 1998].  
 
 Definition 4.4.2: “Feature extraction is the process by which raw sensor data are 
converted to a format conducive for applying artificial intelligence methods. Feature 
extraction involves not only simplification, transformation or expansion of raw sensor 
data, but also in adding Meta information like confidence or accuracy, especially when 
sensors are not highly accurate”. 
 
  Raw sensor data could be used with domain-specific methods to extract multiple 
data values per sensor. These multiple data are then sampled through time constrain to 
yield features.  
 
Scope of input semantics 
Every implicit input provides a semantic meaning of the user’s intent. This meaning 
should be in representational formats. An important issue that arises is the scope of this 
input semantics. There are always input semantics that are device dependent and others 
that are device independent. This thesis introduce the terms Global input semantics and 
Local input semantics, where global input semantics provide representations that are 
independent of the thin-client or intelligent devices used and hence can be used directly 
to derive context from it that could be shared among agents. But the local input semantics 
are local to a particular device or thin-client and need to be processed and transformed 
into a semantics that is global before it can be used for deriving contexts that are shared 
among agents and also among components within that agent.   
 
Supplementary implicit inputs and complementary implicit inputs 
Which implicit inputs are supplementary and which inputs are complementary? 
Supplementary inputs are the primary inputs that are required by the interactive system 
for further processing. Complementary inputs are inputs that can be included along with 
supplementary inputs to add more value to the inputs. In future computing environments 
there will be inputs from many sources. Which mechanism to choose to select the input 
sources? Can the attributes describing the quality of a particular sensing decide the input 
source selection? Identifying and providing priorities to supplementary inputs is an 
important issue, since computing efforts should not be wasted in capturing and 
processing only complementary inputs and in the end realize that the main supplementary 
input was actually not captured.    
 
4.4.3 Output Management 
 
The interaction manager is responsible to coordinate the various implicit outputs. Some 
output can be directly actuated, while the other requires pre-processing before actuation. 
Some outputs are foreground automated behaviors while the others are background 
automated behaviors. Note that the term implicit output is used in this thesis to represent 
the output generated due to implicit HCI. The term output instead of implicit output could 
also be used, but to maintain uniformity in terminology while defining implicit HCI, the 
term implicit output was used. Other ways of defining implicit output include considering 
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a module that acquires the internal contexts derived by an agent and generate outputs that 
are implicit, i.e. the input was not provided to the system to obtain this output, but this 
output is produced on its own implicitly.. 
  
Output Processing 
Output processing is required to provide output to the user in a specific modality or on a 
specific device in which the user is comfortable with. For example, a user might be blind 
and requires video information in the form of tactile signals. Then signal processing is 
required to provide tactile output to a blind person while regular video output to a normal 
person. This is a project known as “Tactile Video”, going on in Digital Media Lab in 
Umeå University, Sweden. Similarly the interaction manager determines if the output 
should be in a single device, complementary devices or supplementary devices.  
 
Output Styling 
Output styling is the process of including additional information about how the 
information must be presented. For example, how text and figures are to be aligned in an 
augmented reality output. These are normally represented in meta-data formats with 
attributes like text size, background color, play volume, lighting effect, etc. depending on 
the output domain of interest. 
 
Output Rendering 
The rendering component converts the information from the styling component into a 
format that is easily understood by the user. For example, the information from styling 
component is converted to an augmented reality presentation which the user can view and 
understand. 
 
4.4.4 Synchronization Management 
 
The interaction manager is responsible to manage the various input, output and 
interactional events that occurs in the future computing environments.  
 
Seamless synchronization with limited latency 
Seamless synchronization among various input, output and interactional events is an 
important issue to be considered by the designers. Most of the events that occurs in future 
computing environments are real-time events and unsynchronized functioning results in 
automated behaviors that are irrelevant, annoying and sometimes even prone to errors. 
How to reduce or limit latency in an effort to achieve seamless synchronization? What is 
the maximum latency time beyond which a user is disturbed? How to achieve 
synchronization that produces predictable and non-confusing user experience?   

 
Timeline capture of input events 
Input events take place dynamically in varying time frames. Timeline based capture aid 
in deriving contexts that are dependent on sequence of events. The time frame of sensing 
is important information for context derivation and every agent should function based on 
universal clock that is independent of the location and to maintain universal time 
synchronization. There are many input events that occur and depending on those events, 
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output events are generated. Hence there is a need to order these events with respect to 
time, since synchronization is an important issue to be addressed in implicit HCI. 
Relative time stamping could also be used in situations where the events are dependent 
on one another.     

 
Distributed synchronization 
Seamless synchronization was discussed earlier, but considering the environment of 
operation of these interactive systems, distributed synchronization across the network is 
an issue to be considered.  

 
4.4.5 Co-ordination capability 
 
In environments with multiple inputs possibility for the same event, how to coordinate 
those events to obtain composite input is an important functionality of interaction 
manager. Can probability be used as a mechanism to describe the confidence level of the 
composite input derived by co-ordination capability?  
 
Extensibility 
In implicit HCI, new interactional devices are always added or removed which requires 
extensibility as an important issue. How to achieve this extensibility? What type of 
devices could be added in runtime and what communication and data formats should 
these devices use? The interaction manager is responsible to co-ordinate such ad-hoc 
interactional devices.  
 
Detection of available input/ output interfaces 
How the system should adapt itself depending on the context to deliver output as well as 
to obtain input? This to large extent depends on the detection of available interfaces. 
Hence a mechanism to detect available interfaces should be a part of the interactive 
system design. Here the inputs and outputs are not viewed with a single device in mind, 
but a coordinated collection of devices. 
 
4.4.6 Automated Behaviors 
 
Automated Behaviors are similar to the term actuators in robotics domain. Automated 
behaviors are the manner in which the interactive system responds to the various 
computations like context aware computing, etc. in implicit HCI. The primary aim of 
researching implicit HCI is to derive these behaviors that are useful in aiding humans 
perform their everyday activities better. Automated behaviors range from simple 
behaviors to complex behaviors. Interaction manager obtains the context from the context 
manager, and according to the context generates the automated behaviors.  
 
 Let us consider the following restaurant scenario. “Erik enters a restaurant and 
selects a suitable place to have his food. An augmented reality system displays the menus 
available according to Erik’s dieting system, medical prescriptions, personal preferences 
and previous experiences. He selects café au lait. Immediately the location agent contacts 
Erik’s personal agent and request for money transfer to the restaurant’s account. The 
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personal agent contacts the bank location agent, and transfers the money to the 
restaurant’s bank account. After noticing the money transfer, the restaurant location 
agent sends signal to the intelligent coffee machine to prepare café au lait with less sugar 
according to the information obtained from his personal agent. Erik enjoys his fika 
(Swedish coffee break) and the agent-centric approach works”. In the above scenario, 
automated money transfer, automated café au lait preparation, etc. are automated 
behaviors. These behaviors are generated based on the contexts in which the agents are 
which is obtained through context aware computing.        
 
Foreground Automated Behaviors 
These are the behaviors that are generated in the foreground of the user. The term 
foreground and foreground activity were already discussed in chapter 2. For example, a 
user may touch a music poster in the wall, and immediately the music system plays the 
songs related to the poster. Here the automated behavior is playing those songs and the 
activity is performed as a part of the user’s physical foreground activity. Hence these 
automated behaviors are views as foreground automated behaviors in this thesis.   
 
Background Automated Behaviors 
Background automated behaviors are generated in the background of the user who is 
conscious of it but does not pay much attention to it. An example for background 
automated behaviors is the automated payment of café au lait bill. Here the user is aware 
in his conscious that his bill is paid, but his focus is on drinking café au lait rather than 
thinking of the automated money transaction. Background activity was also discussed in 
chapter 2.  

 
4.5 Networking Manager 
 
Networking manager is the component that takes care of all the networking requirements 
of an agent. This thesis introduces the terms Intra-agent networking and Inter-agent 
networking. Intra-agent networking deals with designing, implementing and managing 
networks that are personal to an agent. In agent-centric approach, all agents have a server 
and many thin clients like intelligent devices, user-interfaces, sensors, etc… Hence there 
is a need for networking within an agent. The agents need to interact with one another as 
well. These interactions are made possible through inter-agent networking. Ad-Hoc 
networking is an important type of inter-agent networking, especially since agents are 
mobile (Personal agent and mobile location agent) and dynamically enter or leave a 
network. Networking through semantic web technology is also considered as a feasible 
approach to inter-agent networking. 
 
4.5.1 Components of Networking Manager       
 
Networking manager comprises of five components – Gateway, Semantic Web Router, 
Local Service Discoverer, Service Broadcaster and a Service Provider. Semantic web is a 
technology that was already discussed. In the proposed framework, networking is 
primarily performed through the semantic web which describes, locates and aids 
obtaining semantic services available in the network. Agents are connected to the 
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semantic web and agents request for services through the network. The network 
comprises of other agents that are connected as well and provide service to the requested 
agent. 
 
Gateway 
This module deals with handling of queries and data. When an agent interacts with 
another agent, the agent requesting for a particular service sends a query to the service 
providing agent. This query is received by the gateway and the meaning of the query is 
inferred. There are situations where in the agent expected to provide the service is 
connected through many agents in between in a semantic web environment. In this 
situation the gateway of the mediating agents forward queries and data from the source to 
the destination.  
 
Semantic Web Router 
Router is the module that manages the discovery of new agents capable of providing 
services in the semantic web, and it updates the routing table to keep track of the route 
map. Router could be considered as the main component responsible for maintaining the 
network. The framework proposed in this thesis is based on standardized ontologies 
which enable content-based routing possible [Jiang & Cybenko, 2002].    
 
Service Provider 
This module is responsible for performing and managing services on the server of the 
service providing agent. Standardized ontologies provide semantic agreement for not 
only knowledge sharing, but also computing resource and service sharing. Sensor and 
device ontologies are also important components of standardized ontologies since their 
services could be requested by other agents.   
 
Local Service Discoverer 
This is the module that is responsible for discovering services that are available in the 
vicinity of an agent. For instance, a personal agent in a restaurant environment discovers 
the available restaurant location agent services through the local service discoverer. The 
difference between a semantic web router and a local service discoverer is the fact that 
the former discovers the services in the semantic web while the latter discovers the 
services available along the local surrounding of an agent. Semantic matching of services 
required and services available could be performed using the standardized ontologies [Li 
& Horrocks, 2003]. Semantic matching is the process of determining whether the 
available services cater to the requirements of the agents. 
 
Service Broadcaster 
This module is responsible for broadcasting services in an effort to inform the local 
agents as well as the agents connected through the semantic web, to know the services 
offered by the service broadcaster’s agent. 
 
 Semantic representation provides the advantages of future expansion in 
distributed agent-centric environments without a need to create models that are specific to 
particular services [Blay-Fornnarino et.al., 2002]. 
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Figure 14: Components of Networking Manager. 

 
4.5.2 Inter-agent Networking 
 
In future computing environments, the agents interact with one another using inter-agent 
networking. Inter-agent networking is performed through various technologies depending 
on the location of the agents which are involved in the interaction. This framework 
proposes semantic web technologies to address agents that request service through the 
World Wide Web, while Ad-Hoc technologies like Bluetooth, IEEE 802.11, HIPERLAN, 
etc. to address networking where in the interacting agents are in local vicinity.  
 
Networking through Semantic Web Technologies 
Semantic web concepts were already discussed in section 4.1.2. 
 
Networking through Ad-Hoc Technologies 
Ad-Hoc Technologies are important to exchange services between agents in local vicinity. 
In agent-centric approach, all agents whether location agent or personal agent are 
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equipped with devices that use technologies like Bluetooth, IEEE 802.11, etc. to 
exchange services. This comforts the agents with an alternative option to using the 
semantic web for all service requirements. Since standardized ontologies are used to 
describe the services, interoperability is achieved even though the networking is of ad-
hoc in nature.  
 
 Bluetooth is a short-range wireless technology that operates in the globally 
available 2.4 GHz ISM (Industrial Scientific and Medical) frequency band and provides 
data rates of up to 432 Kbps symmetric [Bluetooth]. The Bluetooth specification 
describes a coverage range of within a room under low power level while can be 
extended up to a building range coverage under high power level. Bluetooth technology 
will be discussed in appendix A, but from a location tracking point of view. 
 
4.5.3 Intra-agent Networking 
 
In agent-centric approach, each agent has many components like server, intelligent 
devices, sensors, etc. Hence there is a need for inter-agent networking. The networking 
could be both wired as well as wireless. The range coverage requirement determines if 
the network is a local area network or personal area network. For instance a personal 
agent requires smaller range coverage since most of the agent’s components are wearable 
by humans. Hence a personal area network is ideal while location agents normally cover 
a room environment or a building environment and require local area network.  
 
4.5.4 Network Scalability and Reliability 
 
In agent centric approach there is no single centralized server present to perform implicit 
HCI. Each agent has a server and hence computing is performed in a de-centralized 
manner and thereby meeting the response time requirements. Network topology is 
another factor that affects the network scalability. Hence the framework described in this 
chapter proposes a P2P (Peer-to-Peer) network topology. Agent-centric approach itself is 
based on Peer-to-Peer computer networks for interaction between agents. Hence an agent 
is neither a client nor a server, and in networking terms could be considered as a peer 
node. Reliability is also an important issue in ad-hoc environments and hence agent-
centric approach is based on P2P network topology.  
 
4.6 Policy Manager 
 
Privacy and security are important issues in future computing environments which were 
already addressed in this thesis in section 3.3.7. The agent’s policies and security & 
privacy requirements need to be semantically defined through policy ontologies. Since 
knowledge and resource sharing are inevitable characteristics of future computing 
environments there are needs to set inference rules that decide which resources and 
knowledge are public to a requesting agent and which are private and cannot be shared. 
This is taken care of by the policy manager. Since knowledge in these computing 
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environments is highly dynamic, there is a need for the policy manager to decide the set 
of agents who need to be notified of the context changes. 
 
4.7 User Interfaces 
 
Implicit HCI focuses on providing Humans with expanded and more expressive user 
interfaces. The various user interfaces suitable for implicit HCI were already discussed in 
chapter 2.  
 
4.8 Separation of data model, user interfaces and application  

     logic 
 
This is an important design issue and this thesis acknowledges the advantages of 
separation of data model, user interfaces and application logic. The user interfaces are 
device specific or context dependent, while data models are universal which allows for 
knowledge sharing and knowledge reuse in distributed knowledge sharing environments. 
Application logic is application dependent and hence should be independent of the data 
model as well as the user interfaces.  
 
4.9 Summary 
 
This chapter introduced a framework for implicit HCI based on agent-centric approach. 
The various components of this framework like interaction manager, context manager, 
knowledge manager, etc. were discussed. A standardized ontologies for implicit HCI was 
considered and its advantages were discussed. This framework could be used as an initial 
base for further research in implicit HCI. 
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Chapter 5 
 

Wearable Object Manipulation Tracker (WOMT): a 
Personal Agent prototype 

 
Wearable Object Manipulation Tracker (WOMT) has been designed as a part of this 
thesis to implement the concepts discussed in agent-centric approach. WOMT is a part of 
an effort to build a Personal Agent that helps the human wearing it with all his personal 
computing needs. This chapter discusses about WOMT as a design prototype, describes 
the implemented parts, analyses the design issues, discusses the future enhancements and 
visions; and also provides the limitations of this prototype. 

 
5.1 Introduction 
   
Research in Human-Computer Interaction (HCI) typically focus on two types of 
approaches. One stream of research focus on technological and infrastructural aspects of 
HCI, while the other stream focus on interaction and applications. The interaction aspects 
of HCI were discussed in this thesis with the aim of focusing towards implicit HCI. The 
hardware and data communication infrastructures are very important in designing and 
evaluating the interaction aspects. In this prototype design the technological and 
infrastructural aspects of HCI is addressed. This thesis admits the fact that there is a 
strong correlation between both the streams of research and the advances of one affects 
the advances of the other.  
     
 Humans perform many activities in the physical world by manipulating the 
objects in it. This prototype is designed to derive what activities the humans are doing by 
manipulating those objects and indeed in an effort to reduce the gap between the physical 
environment and the virtual environment. This concept of physical-virtual environment 
gap was introduced and discussed by Pederson [Pederson, 2003]. By knowing where the 
user is or was and what are the activities that he was performing, the virtual world is able 
to keep track of exactly what was happening in the physical world. Once the virtual world 
knows the physical artifacts, it can aid humans performing their everyday activities better. 
This prototype focuses on knowing the location information of the user and the objects 
that he manipulates with an aim of deriving the contextual information of the activity that 
he is performing.  
 
5.2 Existing System 
 
Magic Touch is a system that already exists and is an effort to integrate the physical 
environment with the virtual environment [Pederson, 2003]. This system tracks the 
location changes of objects that are present in an office physical environment and provide 
a real-time viewing of those changes in the virtual environment. This system also 
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includes additional features that aid human everyday activities like searching for an 
object in the physical environment and indeed support for creating a synchronized 
physical-virtual artifacts. This system also supports for distributed office environments 
where in the virtual office environments are interconnected through internet with a magic 
touch system in every office environment. Even though this system tries to integrate the 
physical environment with the virtual environment, the integration is very weak due to 
unavailable technological and infrastructural advancements.   
 

 
 

Figure 15: Magic Touch System [Pederson, 2003]. 

 
 WOMT is a prototype system that follows the similar research interest as that of 
Magic Touch. But it is a wearable version and is more in accordance with the concept of 
personal agent, while magic touch could be considered as a location agent version. But 
both systems use similar technologies like ultrasound technology and RFID technology.  
 
5.3 Description of WOMT in short 
 
WOMT is a prototype system designed to keep track of the locations visited by the user 
wearing it and the manipulations that he performs with the objects present in the 
environment. The ultimate aim is to design a personal agent, but WOMT could be 
considered as an initial step in this regard. By knowing the location information and the 
object manipulations, context aware and proactive systems could be integrated to assist 
the user’s activities. This system is more along the development phase at this current 
moment of publishing this thesis. Hence this thesis restricts itself to discussing the system 
design and the initial implementations.  
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5.4 System Requirements and Analysis  
 
System requirements and analysis is normally the phase where in the entire system to be 
designed is analyzed considering the functionalities expected out of the system. The 
requirements for this system includes 
 

1. Identifying the objects manipulated by the user wearing the system. 
2. Location information of the objects before, during and after manipulation with 

respect to the user. Location information is along 6 Degrees of freedom, but the 
initial version is designed for 4 Degrees of freedom (x-axis, y-axis, z-axis, 
direction with respect to earth’s magnetic field).  

3. Location information of the user both indoor and outdoor. 
4. Information of the user’s physical activities in terms of location and object 

manipulation to be stored in a personal server for further processing. 
 
5.5 Technological design considerations 
 
To design a system with the above mentioned functionalities, a survey of various 
technological feasibilities was required. This survey is described in detail in Appendix 
A3. After this analysis, RFID (Radio Frequency Identification) Technology was 
considered the best possible technological solution to identify the objects being 
manipulated. A serial number is stored on every RFID tag which is embedded on the 
objects to be tracked. The RFID tag contains a microchip that stores this serial number 
and also other relevant information. This chip is attached to an antenna which transmits 
the identification information to a reader. The reader converts the radio waves returned 
from the RFID tag into a form that is computer-readable. The reader sends out 
electromagnetic waves that form a magnetic field when they couple with the antenna on 
the RFID tag. A passive RFID tag has no battery and draws power from this magnetic 
field and uses it to power the microchip’s circuit. Hence passive RFID technology was 
considered in our design. Figure 13 illustrates the WOMT technological design.  
 
 Location information of objects manipulated requires a technology that provides 
high level accuracy and precision. Ultrasound technology was considered feasible taking 
into account its high accuracy. Ultrasound technology uses time-of-flight measure to 
calculate the distance between an ultrasound transmitter and an ultrasound receiver. 
Triangulation is a method that could be used where in three such distances is measured to 
calculate the location information. See Appendix A1 and A3 which explains the most 
common location sensing techniques available and the various technologies available as 
well to design location aware computing systems.  

 
 Location information of the user wearing this system in indoor environment is 
tracked using IEEE 802.11 wireless LAN technology. This technology is suitable for 
indoor location tracking taking advantages of the wireless LAN infrastructure that is 
already in existence. Signal strength attenuation is used to measure location information. 
Of course in buildings that do not have IEEE 802.11, other alternative indoor location 
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tracking technologies need to be considered. But for the initial version of WOMT, IEEE 
802.11 is considered a feasible indoor location tracking technology.   
 
 Another alternative approach to track the user in indoor environment is to obtain 
his location information by interacting with nearby intelligent devices, agents, etc. which 
knows its location information and its proximity from the user. This requires no 
infrastructure and could provide more accurate location information than a WLAN whose 
accuracy is over 1 meter.  
 

 
Figure 16: WOMT Technological Design. 

 
 Location information of the user wearing this system in outdoor environment is 
tracked using GPS (Global Positioning System) Technology. It takes advantage of no 
infrastructural requirement except a GPS receiver and is universal, allowing the scope of 
WOMT to unlimited geographical extent.  
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 Mobile information storage and processing is an important requirement of 
WOMT and Intel’s Personal Sever technology was analyzed to be a feasible solution for 
the storage, processing and communication needs of this prototype. This ensures the 
accessibility of personal information anywhere, anytime.   
 
5.6 Personal Server Technology 
 
This is an emergent technology developed by Intel with a vision of providing ubiquitous 
access to personal information and applications [Intel, 2004]. Personal servers are smaller 
than PDA-class devices and possess no input or output capabilities, but relies on wireless 
communication to existing infrastructures to provide information access. Personal server 
is beyond input/ output access through existing infrastructures, where in even the nearest 
printer could be used and operated through a personal server. By using a Personal server, 
the clients could be made thin as the processing required is performed in the personal 
server. Since all data are stored in the Personal Server, information sharing and better 
synchronization is possible among thin-clients. Hence the personal server is ideal for 
computing resource sharing which is an important design issue in agent-centric approach.   
 
5.6.1 Personal Server Architecture 
 
Intel’s personal server architecture is based on XScale technology, which takes 
advantages of low-power consumption and high performance processing for a wide range 
of wireless and networking applications. The server consumes 411 mW power during 
active operation at 400 MHz clock speed, while could be shifted to a 45 mW power mode 
for 33 MHz clock speed and 45 micro Watt in sleep mode. Personal server is coupled 
with Bluetooth radio to automatically discover mobile devices and provide common 
access protocols. High density electronic storage facilitates its feasibility for future 
computing environments.     
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Figure 17: Personal Server Software Architecture [Intel, 2004]. 

 
 Personal server supports standard protocols like IP, HTTP and UPnP technology. 
Connections are managed based on Bluetooth, Wi-Fi connectivity or Berkeley Mote 
Connectivity depending on the bandwidth and power requirements. Bluetooth is widely 
used in many information appliances and Wi-Fi technology is available in most of the 
technologically rich environments like universities, offices, etc… Hence this thesis 
appreciates the advantages gained by using a personal server in designing WOMT 
prototype system.   
 
5.7 Implementation 
 
Considering the time limitation, only requirements 1 and 2 in section 5.4 were chosen for 
implementation. 
 
5.7.1 System components 
 
Implementing WOMT involved the requirement for a micro-controller, ultrasound 
transmitters and receivers, electronic compass, RFID reader and RFID tags.  
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Micro-controller module  
Basic stamp 2 [Parallax, 2004] embedded processor control was used considering its 
ease in developing, debugging and testing rapid prototypes. Basic stamp has a Microchip 
PIC 16C57c microcontroller and a BASIC interpreter chip that converts programs written 
in PBASIC language to assembly language program. Interfacing to a PC is also straight 
forward and hence was used instead of Microchip’s PIC microcontroller. Basic Stamp 2 
has 16 I/O pins with an execution speed of 4000 instructions per second. The program 
memory supports around 500 instructions, which is much better than most of the 
microcontrollers available for embedded process control. The internal memory is 
designed with RAM and EEPROM. The PC interface is through serial communication at 
a baud rate of 9600 baud/sec.   
 
Ultrasound module 
WOMT requires an ultrasound module to measure the distance information of the user’s 
hand that manipulates an object to 3 reference points for location calculation. This thesis 
used a sonar modified circuit to design the ultrasound module considering its simplicity 
compared to designing a separate ultrasound transmitting and receiving circuits. Polaroid 
ultrasound range finder is the popularly used range finder in the robotics industry. But 
considering its disadvantages like 2.5Amps current consumption in normal operational 
mode (Battery power is an important issue in mobile environments), and minimum range 
of 26 cm made it infeasible to be considered for our design. SRF04 sonar was used in this 
thesis considering its minimum range of 3 cm, and a maximum range of 3 m which is 
well beyond our requirements. The sonar operates at 40 KHz frequency and consumes 
very less current of only 30 mA during normal operation [Devantech, 2004].   
 
 
Electronic compass module 
An electronic compass was used to know the direction of the user wearing the system 
with respect to earth’s magnetic field. Dinsmore Instrument’s compass [Devantech, 2004] 
was used in WOMT. It outputs four cardinal points, which is combined to obtain eight 
directions. It has a resolution of 45 degree and a tilt angle of 12 degree beyond which it 
does not work. Even though we have used this electronic compass in this initial 
development phase, the precision was found to be infeasible for our application. The 
future version of this system will use a compass with atleast one degree precision. The 
new compass will be combined with a tilt sensor to improve input sensing in this 
wearable computing domain. This compass has a PIC 12C508 microcontroller as well 
which simplifies the sensing process, but is severely limited by its resolution.  
 
RFID module 
WOMT requires a RFID reader to read the tag information and RFID tags to be 
embedded on all the objects to be tracked. IDSystems´s RFID reader was used which 
operates at 13.56 MHz high frequency [IDSystems, 2004]. Low frequency RFID system 
(around 125 KHz) consume less power and are better to penetrate into non-metallic 
substances, but suffers from limited read ranges while UHF systems provide better read 
ranges but are affected by the power consumption. High frequency 13.56 MHz was 
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considered suitable for our application taking advantage of both low power consumption 
and moderate read ranges. It is developed based on Multi Standard Reader architecture 
which enables it to read tags developed by multiple vendors transparently. Passive RFID 
tags used for our prototype are I.CODE from Philips Semiconductors and Tag-it from 
Texas Instruments.  
 
BASIC Stamp Editor/ Development System           
The Parallax BASIC Stamp Editor was used to program the BASIC Stamp in PBASIC 
2.5. PBASIC is an embedded version of BASIC programming language.  
 

 
 

Figure 18: Basic Stamp Editor. 

 
The system requirements for BASIC Stamp Editor include Windows 95 or higher version, 
16 MB of RAM and a serial port.  
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5.7.2 System Design 
 
WOMT is designed with basic stamp microcontroller as the central controlling unit that 
controls the Electronic compass, modified ultrasound circuit, and the RFID reader. Basic 
stamp is interfaced to a PC using serial communication. 
 
Simulating Personal Server 
As a part of the initial implementation a Laptop PC was used to simulate a personal 
server. The aim was to develop the prototype involving the sensing electronics faster. The 
prototype is developed in such a way to be integrated with the personal server which is an 
important component of personal agent. 
 
 
Basic Stamp and PC Interfacing 
 
 

 
Figure 19: Basic stamp and PC interfacing. 

 
The basic stamp microcontroller is interfaced to a PC using serial communication and 
uses a baud rate of 9600 baud/sec. PC´s COM port Rx, Tx and DTR are connected to 
basic stamp pins Sout, Sin and ATN respectively.  
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SRF04 Connection to Basic Stamp 
 

 
Figure 20: SRF04 connection to basic stamp. 

 
The Echo Pulse Output pin and the Trigger Pulse Input pin are connected to the basis 
stamp I/O pin 0 and 1 respectively. A trigger pulse with 10 microseconds long was 
triggered using the PULSOUT command. PULSIN command was used to measure the 
received ultrasound signal.    
 
Sonar Circuit Modification 
Implementing WOMT required a modification to sonar circuit as discussed earlier. In this 
system two ultrasound transmitters are used. Each hand has an ultrasound transmitter to 
transmit ultrasound signals when ever the RFID reader detects an object being grabbed 
by the user. This is illustrated in figure 21. 

 
Figure 21: RFID + Ultrasound Technology in WOMT. 
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 Four ultrasound receivers are placed in the front side of the upper middle body of 
the user wearing the system. The four receivers need to receive the ultrasound signal 
from the transmitter and the distance measures are calculated accordingly. The distance 
between the four receivers are fixed by using a plastic cross as shown in the figure 22. 
 

 
 

Figure 22: WOMT system design. 

 
 The original sonar circuit contains one ultrasound transmitter and one ultrasound 
receiver. Both the transducers were removed and replaced by two multiplexer circuits. 
One multiplexer circuit is designed to alternate between the left hand ultrasound 
transmission and the right hand ultrasound transmission. The other multiplexer circuit is 
designed to switch among the four ultrasound receivers with equal time intervals among 
them to capture the time-of-flight from the transmitter to the four receivers. 74HCT 4051 
high-speed Si-gate CMOS analog multiplexer with 8 channel was used in designing the 
modification circuit. Hence the system was able to alter between left and right hand 
transmission as well as switch among the four receivers.  
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Electronic Compass connection to Basic stamp 
The electronic compass uses only one I/O pin from the basic stamp microcontroller. 
Since it is an electro-mechanical compass with a PIC embedded, it is straight forward to 
handle serial communications of this compass.   
 
RFID Reader connection to Basic stamp 
The RFID reader requires two I/O pins of the basic stamp. One pin is for constantly 
sending SEROUT command to control the tags present in the vicinity of the RFID reader 
while the other pin is used to receive the tag information of the tags tracked.     
 
Location calculation using sensor readings 
 

 
Figure 23: Location calculation. 

 
In WOMT the four receivers are placed in a reference plane. To calculate the location 
information in three-dimensional space, a minimum of three receivers is required. The 
fourth receiver is used only to remove sensing errors. In figure 23; a, b, c and d are the 
four distances measures from the transmitter to the respective receivers. The reference 
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plane is along X, Y and Z axis. The Transmitter’s location is represented by the point P(x, 
y, z). The 4 receivers are represented by the points A(a1, a2, a3), B(b1, b2, b3), C(c1, c2, 
c3), and D(d1, d2, d3) respectively as shown in figure 20. The aim is to compute the co-
ordinates of P. 
 
According to the Distance formula in 3 Dimensional space, the distance D between 2 
points R(x1, y1, z1) and S(x2, y2, z2) is obtained using the formula,  
 

((x1-x1)2 + (y1-y2) 2 + (z1-z2) 2) ½ = D 
  
Similarly applying this formula to points A, B, C, and D, we get, 
 
  (x-a1) 2 + (y-a2) 2 + (z-a3) 2 = a           --------------  I 
                 (x-b1) 2 + (y-b2) 2 + (z-b3) 2 = b           -------------  II 
  (x-c1) 2 + (y-c2) 2 + (z-c3) 2 = c            ------------- III 
   (x-d1) 2 + (y-d2) 2 + (z-d3) 2 =d            ------------- IV 
 

Solving equation I and equation II by subtraction, equation II from equation I, we get, 
 
-2.a1.x - 2.a2.y - 2.a3.z  + a12 + a22 + a32 + 2.b1.x + 2.b2.y + 2.b3.z – (b12 + b22 + b32)  
          = (a2 – b2) 
 
x (b1-a1) + y (b2-a2) + z (b3-a3)  =  ( (a2-b2) – (a12 + a22 + a32) + (b12 + b22 + b32) ) / 2 
           =  AB                      -------------- V 
       
where AB = ( (a2-b2) – (a12 + a22 + a32) + (b12 + b22 + b32) ) / 2 
           
Similarly solving equation II and equation III, we get, 
x (c1-b1) + y (c2-b2) + z (c3-b3)  =  ( (b2-c2) – (b12 + b22 + b32) + (c12 + c22 + c32) ) / 2 
           =  BC                      ---------------  VI 
 
Similarly solving equation III and equation IV, we get, 
x (d1-c1) + y (d2-c2) + z (d3-c3)  =  ( (c2-d2) – (c12 + c22 + c32) + (d12 + d22 + d32) ) / 2 
           =  CD                      ---------------  VII 
 
Similarly solving equation I and equation IV, we get, 
x (d1-a1) + y (d2-a2) + z (d3-a3)  =  ( (a2-d2) – (a12 + a22 + a32) + (d12 + d22 + d32) ) / 2 
           =  AD                      ---------------  VIII 
 
We have 4 equations –V, VI, VII, VIII and 3 unknowns – x, y, and z. Hence solving any 
3 equations out of the 4 available will yield the co-ordinates of point P(x, y, z). By 
solving other set of 3 equations, sensing errors could be mitigated and reliable location of 
the transmitter could be calculated in 3-dimensional space. 
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5.7.3 Evaluation of WOMT based on Taxonomy of Location Sensing 
Properties 
 
Location based computing has many properties and are well addressed by Jeffrey 
Hightower and Gaetano Borriello [Hightower, 2001]. In this thesis the following 
taxonomy were used in designing the location tracking module of our prototype system 
and are important in evaluating the designed prototype as well. Additional location 
sensing properties were also identified while designing our prototype. 
 
Physical location and symbolic location 
GPS readings like 39 degree 14 minute 41 second N by 120 degree 31 minute 31 second 
E at 14.3 m elevation represent physical location information while “in the kitchen” or 
“on the train approaching luleå” represent symbolic location information. Combination of 
physical  and symbolic location information provides better context aware application. In 
WOMT, the physical location information of the objects manipulated with respect to the 
user is useful in determining the symbolic location of those objects, like for instance on 
the table or inside the refrigerator. The symbolic location of the object could be obtained 
by possessing a map of the room in which the user is present along with the various 
objects and their locations. By matching the room map with the physical location, 
symbolic location could be calculated. 
 
Absolute location and relative location 
Absolute location information use shared or common reference grid for all located 
objects. A typical example is GPS readings while relative location information use frame 
of reference according to the objects. A mountain rescue team locates each victim 
according to the rescue device´s frame of reference. This is an example of relative 
location information. Absolute location information could be transformed into relative 
location information. In WOMT, the absolute location of the user is calculated using GPS 
technology in outdoor and WLAN in indoor environments. The manipulated object’s 
location is relative with respect to the user manipulating those objects.   
 
Convertible versus Independent 
Convertible location information is one that can be mapped with other systems and vice-
versa, while independent location information cannot be mapped onto the symbology of 
other systems.   
 
Localized location computation versus centralized location computation 
Localized location computation involves objects being able to compute its location 
information by themselves without any aid from external infrastructures while centralized 
location computation involves transmitting objects information to external infrastructure 
for calculating the location information. In an agent-centric approach each agent has a 
server that provides computing resources to its thin-clients and hence from a general 
point of view, WOMT is considered to perform a centralized location computation. But 
agent-centric approach is highly decentralized in the sense that specific physical locations 
possess many agents and computing resources are shared among these agents. Hence 
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from an agent-centric point of view, WOMT is considered to perform localized location 
computation with the term localized referring to within a specific agent. 
 
Accuracy and Precision 
Accuracy represents how close the observed readings are compared to actual readings. It 
is normally measured in distance measures like m, cm etc.. Precision denotes how often 
one obtains that accuracy which is normally denoted in percentage. WOMT is not yet 
implemented to compute the location information of the objects manipulated. But the 
distance measures between the transmitter and the four receivers were measured. The 
accuracy of these readings is in mm accuracy which rationalizes the decision to select 
ultrasound technology for object manipulation tracking. The precision is also very high of 
1 mm. 
 
Scale 
There are two types of scale measurements.  
 

1. Area covered by the location system/ unit interval of time – This measure could be 
in terms of a room, or a building or a city, etc… WOMT is a system designed to 
cover unlimited geographical range. Its scale is around a user’s body wearing this 
system using ultrasound technology, extends its scale to a building range using 
WLAN technology and extends to unlimited geographical range using GPS 
technology. 

2. Number of objects that can be located simultaneously/ unit interval of time – 
WOMT tracks only the objects that are manipulated by a user wearing the system 
and not the objects that are passive in the environment. But the objects in the 
environment are expected to be tracked by the location agent and WOMT could 
obtain the object’s location information from the location agent. 

 
Recognition 
This property is to recognize the object being manipulated. WOMT identifies the objects 
manipulated using RFID technology as discussed earlier.  
 
Cost 
There are two types of costs that are involved in designing and implementing WOMT.  
 

1. Time and Effort cost – The time taken for designing and implementing WOMT 
(consider this cost only for the amount of implementation done so far) was around 
three months by one person.  

2. Infrastructural cost – The components used were off-the-shelf commercially 
available products resulting in inexpensive infrastructural cost. 

 
Limitations 
Some systems does not work in some environments like GPS does not work indoor, etc... 
Hence the various technologies selected were based upon considering their limitations. 
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Error Characteristics 
Error characteristics are analyzed by plotting the appropriate graphs. The goal is to make 
sure that the error readings are within the threshold limits. Errors are normally classified 
as random or systematic.  
 
Update rates 
It is the number of times the system gives the location information per second. This factor 
mainly depends on the type of application. The update rate of the electronic compass 
used is 3.5 sec, while update rate of the distance measures of all 4 receivers is 0.5 sec. 
 
5.7.4 Tests and Further Modifications 
 

 
Figure 24: Test Methodology. 
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The ultrasound system was tested as follows. Four receivers were placed on a XY plane 
as shown in the figure 24. The four receiver’s inter receiver distance could be varied 
along the XY plane. One Transmitter was used for this testing since at a time only one 
transmitter can transmit ultrasound signal even if the 2 transmitters are used 
simultaneously (altering transmission behavior is obtained by using the multiplexer 
circuit). The transmitter is moved along the entire X, Y and Z axis and the test readings 
were measured and analyzed.   
 
Ultrasound Beam Pattern was discovered to be an important constraint 
The ultrasound system works well with accuracy in terms of mm. But the space in which 
it worked well was limited and there were spaces that did not yield any satisfying results. 
Hence the ultrasound beam pattern proved to be a bottle-neck in our system design. The 
beam pattern was discovered to have a beam width of 55 degree. Even though this beam 
width is not very narrow as for instance beam width produced by SRF235 sonar which is 
15 degree, still this 55 degree beam width was not feasible for our application since it did 
not cover the entire space reachable in front and along the sides of a user wearing this 
system and manipulating objects. Figure 22 illustrates the beam-width pattern of the 
ultrasound transducer used for the ultrasound module. 
 
 

 
Figure 25: SRF04 Beam pattern. 

 
Analysis of Beam-width constraint 
After the tests, it was found that as the area subtended by the four receivers were 
increased, the minimum distance beyond which all four receivers were able to receive the 
ultrasound signal from the transmitter also increased. The relative beam width between 



 80

the transmitter and the receiver was also an important factor in receiving these signals in 
the receiver. The maximum relative beam-width for which the ultrasound system worked 
was 29 degree. At 30 degree and 31 degree there were always fluctuations in the receiver 
receiving those signals at some times and were not on other occasions. This resulted in a 
need for omni-directional ultrasound transmission and reception.    
 
Enhancement of Omni-directional capacity 
Omni-directional capacity needs to be enhanced to make sure that for all angles the 
ultrasound module works and thereby extending the space around the human body in 
which object manipulations could be tracked. In this effort to enhance omni-directionality, 
issues like direct path signal strength needs to be considered. Here the signal strength of a 
direct path from the transmitter to the four receivers needs to be of a higher intensity than 
that of reflected signals to eliminate noise and obtain accurate distance measures. Four 
methods were tried in an effort to enhance the omni-directionality of the ultrasound 
system.    
 

1. Spherical marble in front of the Ultrasound transmitter – A spherical marble of 
diameter 12 mm was used to experiment if the beam width of ultrasound 
transmission could be improved. See figure 26-A. The signal after reflection from 
the spherical marble was reduced in its strength. The signal was more scattered in 
all directions and did not show good results that was feasible for our application.  

 
2. Thick cone in front of the transmitter – This experiment produced reflected 

signals that showed some response in the receiver at wider angles, but had a big 
black spot at narrow angles which made it infeasible. The accuracy of the distance 
measure was also affected. The cone was made of plastic with a height of 40 mm 
and a base diameter of 12 mm. 

 
3. Thin cone in front of the transmitter – This experiment produced slightly better 

results in terms of wider angle response. The beam width was able to be extended 
from 55 degree to 76 degree. Beyond 76 degree the system did not respond 
properly. This cone was also made of plastic with a height of 40 mm and a base 
diameter of 6 mm. 
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Figure 26: Enhancement of omni-directional capability 

 
4. Thin hollow cone in front of the transmitter – This experiment produced almost 

similar results to the previous effort. A cone with a height of 40 mm and a base 
diameter of 6 mm was used, but a hole was drilled to make it hollow. 

 
 The results of experiment 3 and 4 showed some promise, but were far from 
meeting the requirements for our application.    

 
Enhancement of receiver omni-directionality  
From the experiments it was found that by decreasing the relative distance among the 
receivers, it was possible to reduce the minimum range requirement for signal detection 
by all receivers. But beyond the beam width angle, which in this case with a thin cone in 
front is 76 degree, the transmitted signals were not received by the receivers properly. 
Hence with an aim to enhance the receivers’ omni-directionality 3 receivers were used in 
place of each receiver. Hence a total of 12 receivers were used instead of 4 receivers. The 
3 receivers replacing each individual receiver was constructed as shown in figure 27 and 
were experimented as follows. 
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Figure 27: Replace 1 receiver by 3 receivers whose internal angle is varied and 

experimented. 

 
 The 3 receivers have inter-receiver angles. These inter-receiver angles were 
varied and experimented to check if the receivers could be made omni-directional. Due to 
the difficulty in aligning the 3 receivers in specific inter-receiver angles, only few inter-
receiver angles were experimented. The angles that were used are 30 degree, 45 degree, 
60 degree, 90 degree and 120 degree. The experimental and alignment errors are 
expected to be a part of this approach. 120 and 90 degree angles produced dead spot in 
the exact center of the 3 receivers. Considering this limitation, these angles were 
discarded. 30 degree approach received the signals within 98 degrees and showed almost 
negligible dead spot. 45 degree and 60 degree approach were able to widen the receiving 
angle range to 117 and 121 degree respectively.  
 
5.7.5 Analysis and Discussion 
 
From the various experiments tried to make the ultrasound system omni-directional few 
promising results were obtained. Even had there been considerably better results 
produced by placing cones/ spheres in front of the transmitter, and embedding the 
receivers all around the human body, there is a serious concern for usability, comfort of 
wearing this type of a system and the transparency issues. This thesis had discussed the 
concept of implicit HCI and the design considerations that needs to be addressed in order 
to fulfill the visions of implicit HCI. Hence at this initial analysis of the prototype system 
that is developed, this thesis acknowledges the need for omni-directional ultrasound 
transmission and reception. This requires the replacement of the existing transducers with 
the ones that supports wider beam-width. But to analyze and even rationalize the option 
to select this technology, ultrasound technology could still be considered as a promising 
technology to be used for our application considering its accuracy and other advantages 
discussed earlier. But the system design must be slightly polished with better transducer 
selection and corresponding circuit design.  
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5.7.6 Limitations 
 
WOMT is in its initial development phase and this makes it difficult to discuss the 
limitations of this system. But the limitations for this initial implementation are the 
following. 
 

1. The Electronics compass has a resolution of 45 degree which is very poor for our 
application. But the update rate of 3.8 seconds for a 90 degree rotation makes it 
even more infeasible to use this compass in real-time applications. 

2. The ultrasound system works fine with high accuracy of less than mm, but suffers 
severely by the narrow beam-width constraint. Some places in the space around 
the human body could be sensed accurately, but others suffer from incorrectly 
sensed readings. This makes it difficult to perform location aware object 
manipulation tracking. 

3. Usability and transparency are important issues that arise in an effort to enhance 
omni-directional capability of the ultrasound module.  

4. The tests performed and the modifications made were based on trial-and-error 
approach and results obtained from other research, rather than based on concrete 
theory. For instance, the sizes of the cones used and the type of material to 
construct these cones for experimentation were selected arbitrarily rather than 
based on strong theoretical physics.   

 
 5.8 Future Enhancements 
 
Before proceeding to future enhancements, the existing ultrasound system must be made 
omni-directional to perform reliable object manipulation sensing around the body.  
 

1. Replace existing compass with 0.1 degree resolution Devantech CMPS03 digital 
compass.  

2. Include one more additional sensing technology like inertial cube or bend sensors 
to sense location changes of object manipulated. These sensor readings could be 
fused with existing ultrasound technology, to obtain reliable sensor fused 
information for further processing. 

3. Use bend sensors or other technology to measure the exo-skeletal joint angles, to 
determine the body position and relate them to object manipulations in an effort to 
determine the activity performed by the user. 

4. Include GPS receivers to keep track of the user’s location outdoor. 
5. Implement user’s location tracking in indoor environment. 
6. Integrate the system with Intel’s personal server. 
7. Create hierarchical sensor ontologies, personal ontologies, etc… 
 

The over all future research direction is to include as many personal agent functionalities 
as possible and in turn provide a comprehensive infrastructural base to implement the 
concepts discussed a part of implicit HCI. 
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5.9 Summary 
 
This chapter described in detail the prototype Wearable Object Manipulation Tracker. 
The system description, design considerations, implementation and the results were 
discussed. Wearable Object Manipulation Tracker is considered as an initial step in 
prototyping a personal agent.  
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Chapter 6 
 

Conclusions 
 
6.1 Summary 
 
This thesis has discussed the visions of thinking beyond the current era of HCI. It has 
described the current explicit HCI and the need to move towards implicit HCI. This thesis 
has addressed humans as the center of focus and to build technologies, systems, 
applications, etc. to assist humans to perform their everyday activities without increasing 
the cognitive work load.  
 
 The characteristics of implicit HCI and their edge over explicit HCI were 
discussed. The issue involved in implicit HCI like usability, transparency, context-
awareness, etc. were addressed. The existing background research and their contributions 
in motivating the concept of implicit HCI were also discussed. Mark Weiser’s vision of 
Ubicomp, Ishii & Ullmer’s visions of Tangible bits, Schmidt’s visions of Implicit HCI 
through context, Pederson’s vision of Physical-virtual synchronization, and research in 
the field of context awareness and multi-modal interaction were the base upon which this 
thesis was built. This thesis addressed the approaches taken in this field of research so far 
with a special focus on existing limited geographical extents and the vision to globalize 
the efforts. 
 
 An agent centric approach was described, discussing the issues involved in 
handling the expectations of future computing environments. The future computing 
environment characteristics were addressed and agent-centric approach was described as 
an initial step to ponder research that strives for globalization. Issues like uneven 
conditioning, localized scaling, decentralized and distributed computing, etc. were 
addressed in describing the agent-centric approach.  
 
 Chapter 4 discussed a framework for implicit HCI and how agent-centric 
interactive systems could be designed based on this framework. The framework 
introduced important modules like interaction manager, context manager, networking 
manager, etc. and described the various design constraints that exist. The framework 
must not be misinterpreted for architecture, since no specific architecture was discussed 
in this thesis.  
 
 A prototype design to implement the concepts discussed as a part of this thesis 
was described. Personal agent was the primary focus of this prototype design and its 
implementation was discussed. Technological and infrastructural feasibility is an 
important issue that limits the visions of future HCI, and it could be clearly understood 
from the prototype system development as a part of this thesis. Hence the focus should be 
to develop technologies that support future HCI rather than to focus on developing HCI 
based on available technologies.           
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6.2 Contributions 
 

1. A Framework for Agent-Centric Approach to Implicit HCI. 
2. WOMT prototype design. 
3. A survey of location sensing technologies available. 

 
6.3 Limitations 
 
Lack of empirical study 
The issues discussed in this thesis were based on work presented by other research in this 
domain. A comprehensive empirical study of the feasibility of the proposed design 
discussed as part of the framework is yet to be performed.  
 
Complexity in global approach 
One of the primary goals of agent-centric approach was to provide a global solution. But 
different research use different methodologies, architectures, etc. and hence integrating 
heterogeneous efforts is a major concern. Lack of standardized data formats, protocols, 
etc. also hampers the approaches taken to strive for globalization. 
 
Difficulty in building the required infrastructure  
In this current era of technological advancements, it is possible to build limited 
infrastructures for implicit HCI, but to build systems that fully satisfy the visions of 
implicit HCI is complex. More research on improving technologies is required before 
they can be used to build general-purpose interactive systems. 
 
6.4 Future work  
 
Development of LA and PA prototypes 
LAs and PAs need to be developed atleast in the form of a limited working prototype to 
evaluate the creditability of the proposed approach. As an initial step the current 
prototype will be continued to satisfy the requirements of a PA and will be evaluated. But 
still rapid prototyping will be considered to develop a few prototypes to evaluate how 
they work individually and in coordination.  
 
Empirical Studies 
Many empirical studies will be done to improve the framework proposed in this thesis to 
make it comprehensive and reliable. 
 
Requirements specification 
Detailed requirements specification for implicit HCI will be studied and it will be used to 
modify and improve the proposed framework for implicit HCI.  
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6.5 Closing remarks 
 
Implicit HCI is a special way of visualizing HCI in future computing environments. It is 
at its initial research oriented state. But the potential benefits of implicit HCI in aiding 
computer assisted activities in daily lives is high. This thesis admits these benefits and 
calls for further research in implicit HCI.  
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Appendix A: Technologies for  Location Aware 
Computing 

 
Location awareness is an important aspect of context aware computing. Location sensing 
techniques which are useful in designing a location aware system are discussed. A 
comprehensive survey of various technological possibilities is also done. This survey has 
been used in designing our prototype system Wearable Object Manipulation Tracker 
(WOMT).   
 
A1 Location sensing techniques 
 
There are 3 main location sensing techniques that are available. They are Triangulation, 
Scene analysis and Proximity based location sensing. Selection of the appropriate sensing 
technique is dependent on the requirements of the application and the supporting 
technological needs. 
 
Triangulation 
In this technique the geometric property of triangles is used in computing the location 
information of the objects. The two commonly used properties are length of its sides and 
the angles subtended by its sides. Computing location information using the distance 
measures of a triangle is termed as lateration and computation using the angle measures 
of a triangle is termed as angulation. 
 
 There are 3 basic approaches in performing triangulation. Direct Physical 
measurement is one of the approaches where in a simple physical measuring instrument 
like a ruler or a measuring tape could be used to measure the distances. Measuring the 
time of flight is another approach that could be used if the signal speed is known. 
Ultrasound signals are commonly used in this approach with quite good accuracy. 
Measuring attenuation in signal strength is another approach where in the signal loss due 
to propagation is measured and applied to some theoretical or empirical models to 
calculate the range measures.  
 
Scene analysis 
This technique is used in situations where it is not feasible to measure distances or angles 
to compute the location information. The idea is to recognize a feature present in the 
environment. In static analysis, a reference scene with a reference feature is used to 
record the current scene with the same feature. Comparing the two scenes based on the 
common features to compute the location information. Differential analysis tracks the 
differences between successive scenes and by comparing the common features in the 
successive scene, the location information is calculated. This technique does not require 
any signal transmission or reception, and relies on simple passive observations. But the 
key in this technique is to identify a suitable feature in the environment which is not 
straight forward.  
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Proximity 
The location information is calculated by sensing the nearness of an object to a known 
location. There are a few approaches in this technique. Detecting physical contact is one 
of them where in pressure sensors or touch sensors could be used. Another approach is to 
use an automatic ID recognition technology like RFID technology. 
 
A2 Survey of Various Technological Possibilities 
 
There are various technologies that are available for obtaining the location information of 
objects that are manipulated by a user. To name some of them are GPS, ultrasonic, 
infrared, magnetic, optical, inertial etc... There are many properties of each technology 
that assist in selecting the appropriate technology for WOMT. For our application the 
most important is accuracy in tracking the objects manipulated. But other properties like 
size & wearability, performance indoor and outdoor, cost, product availability, limitations, 
power consumption, line-of-sight dependence etc. are also considered before selecting the 
appropriate technology, especially to track the user both indoor and outdoor. 
 
Magnetic Tracking 
Magnetic tracking uses transmitters that broadcast low-frequency magnetic field detected 
by sensors. The complex combination of signal strengths and suitable filtering is used in 
obtaining the position and orientation. Up to 6 degrees of freedom (6-DOF) is established 
to enable 3-D interaction. This type of tracking takes advantage of non-line-of-sight 
feature, reasonable range, appreciable accuracy, and are generally inexpensive. The 
number of sensors used for this technology is very few since it does not depend on 
triangulation.  
 

Polhemus Fasttrack, Ascension Flock of Birds and Ascension Motion Star 
are some of the systems developed using this technology. Fasttrack, an AC field based 
system uses digital signal processing architecture with normal range of 30 inches. It has a 
very high translational accuracy of 0.03 inches RMS and angular accuracy of 0.15 
degrees RMS. The major limitation of this system is that it induces eddy current in 
surrounding metals, resulting in distorted magnetic field and accuracy [Polhemus], [Krieg, 
1993].  

 
Flock of Birds uses distributed computing architecture and DC magnetic 

fields. It has an operational range of 48 inches with high accuracy of 0.1 inches RMS 
translational accuracy and 0.5 degrees angular accuracy. Even though it is immune to 
non-Ferro magnetic material, it is affected by Ferro-magnetic materials [Ascension, 1998]. 
Motion Star wireless suit also uses DC magnetic field and has good static position and 
orientation accuracy of 0.76 cm RMS and 0.5 degrees respectively. The range is 1 to 3 m. 
Even though magnetic trackers are not very expensive, Motion Star is quite expensive 
and is affected by the large transmitter size and precise installation requirements 
[Ascension].  

 
The major limitation of this type is field distortion that occurs due to 

conductive metals producing eddy current in electromagnetic field that results in distorted 
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measurement. Radio interference, accuracy dimension with distance and latency errors 
are other weaknesses of this technology [Raab et.al., 1979]. Even though this technology 
has the advantage of obtaining accurate results and not perturbed by non-metallic objects, 
it performs poorly when there are metallic objects or devices that produce magnetic fields 
near the transmitter/ receiver. Hence this option is eliminated as office environments are 
sure to have metallic objects. 

 
Mechanical Tracking 
This technology uses sensors that are physically connected to the users and mechanically 
measure the user’s position with jointed linkages. This simple and easy to use technology 
has advantages including no line-of-sight requirement and is not affected by magnetic 
fields and multi-path reflections. This technology makes use of kinematics computational 
model to obtain the position information. There is a fixed end known as the base with the 
other end free to move in arbitrary positions and orientations. Sensors at joints detect the 
joint angles and send it to the computational model that concatenates the translations and 
rotations to obtain the position and orientation with respect to the base [ID8 Media].  
 

Angle measurement technology is commonly used in mechanical tracking 
with optical sensors or strain sensors. Optical sensors have a light emitter at one side and 
a receiver at the other side of a fiber optic. When the optical fiber is bent, the amount of 
light reaching the receiver is reduced. This principle is used in obtaining bend angles as 
in 5DT Data Gloves [Fifth Dimension Technology, 2000]. Fiber optics sensors are 
compact, light and comfortable to wear. Strain sensors measure the mechanical strain 
when they are bent. Cyber Gloves from Virtual Technologies use bend sensors that 
change its resistance when bent. This change in resistance value can be used to obtain the 
bend angle. The sensor resolution of Cyber Gloves is 0.5 degrees [Immersion]. Piezo 
resistive bend sensors are very cheap, $ 10 and their size is small and suitable to be used 
as wearable computer. The accuracy is not very high. It is around 70% when compared to 
fiber optics whose accuracy is 95 to 99%. This sensor could be used to support some 
other technology like ultrasonic. The accuracy to obtain the location information may not 
be very high, but this technology is to be used only in situations where the other 
technology does not support the advantages of bend sensors. Shape Tape is a thin array of 
fiber optic curvature sensor laminated on a ribbon substrate, arranged to sense bend and 
twist. It gives 6 degrees of freedom position and orientation information from any 
location. It is certainly wearable and has a very high spatial resolution of 1mm [Danisch 
et. al., 1999]. Shape Tape has been used in Avatar, a motion capture application and has 
shown appreciable accuracy [Samir, 2002].  

 
Exoskeletal structures are also used in mechanical tracking wherein a rigid 

jointed structure is attached to the user’s body. Exos Dexterous Hand Master and Gypsy 
are systems that use this structure.Gypsy is a complex exoskeleton mechanical tracker 
worn on lycra suit that uses conductive plastic precision potentiometers with accuracy of 
0.08 degrees [Welch et. al., 2002].   

 
Accuracy is a very important constraint in our project and it depends on the 

physical size of the mechanical linkages and also on the quality of the rotation sensors at 
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the joints. Even though this technology takes advantage of no line-of-sight, can be used in 
situations where cameras cannot be used, not affected by magnetic fields, no multi-path 
reflections etc., this type of tracking is uncomfortable, uses an exoskeleton structure that 
affects movement, needs to be adjusted for different users, affected by limited working 
volume and is also quite expensive [ID8 Media]. 
 
Optical Tracking  
Optical Technologies are becoming very popular, especially in virtual reality applications. 
These technologies normally use cameras to take picture of the environment. These 
pictures are used in image processing to obtain the location information. This non contact 
position tracking technology takes advantage of high accuracy; immunity to temperature 
changes and metallic objects; low jitter and no drifts; and can also cover a large volume 
space. The concept of optical sensing and triangularization is used in obtaining position 
information. This technology also benefits from high update rates and smaller latency. 
The various types in this tracking include using fiducials, markers/LEDs and natural 
features.  
 

AR Toolkit, Intersense VIS Tracker and TRIP uses fiducials based optical 
tracking. AR Toolkit was used for a mobile 3D mixed reality application developed in 
University of South Australia. This system uses multiple cameras, separate orientation 
sensing and scene graph integration. The accuracy is not high with an error of 10 to 20 
cms in all axes [Piekarski et. al., 2003]. Intersense VIS Tracker is a vision-inertial self 
tracking system that obtains high accuracy of 0.1 degrees in orientation and 3.0 mm in 
position. This wide-area, wearable, 6 DOF system has a latency of 2 ms and weigh 700 
grams. It uses a sensor fusion processor that is ideal for using more than one tracking 
technology to obtain more accurate positioning results [Foxlin & Naimark, 2003]. 

 
ART and Hi-Ball systems use Marker/LED based optical tracking. Hi-Ball 

3000 from 3rd Tech has 2 Hi-Ball units, LED beacon arrays, Ceiling-HiBall interface and 
a computational computer [Welch et.al., 2001]. Six narrow view lenses are used to have a 
total coverage of a hemisphere. These lenses are projected to view six LEPDs. Each 
LEPD is viewed by several lenses. The LEPD determines the co-ordinates of the images 
that is LEDs that are pulsed onto the beacon array. When the LEDs are imaged onto 
several LEPDs, a triangulation is used to determine the position. Kalman filtering is 
indirectly used to improve accuracy and processing speed. The latency is less than 1 msec 
with an accuracy of 0.5 mm RMS for position and 0.03 degrees for orientation.  

 
Natural Feature based 3-D object tracking was performed in AIST, Japan 

[Okuma et. al., 2004]. This system was basically developed for wearable augmented 
reality, but can also be used as a positioning system. It uses a combination of Bottom Up 
approach, Top Down approach and Automatic Database Addition.  

 
The disadvantages of optical tracking are that they require line-of-sight 

between the camera and the object, complex image processing technique, require 
additional components like passive markers, LEDs etc. and are also subjected to 
occlusion problems. The systems built on this technology depend on light intensity which 
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may vary. If the object is in a dark spot, maybe under a table where the light intensity is 
very less then the system doesn’t work. This technology is also subjected to gross errors 
due to mismatching of landmarks. These limitations eliminate Optical Technologies as a 
solution for our problem. 
 
Inertial Tracking 
In this type of tracking, the rate of change of an object orientation (or) rate of change of 
an object translation velocity is measured to obtain the position and orientation. This 
technology does not require line-of-sight, has unlimited range since operates without 
transmitters, is subjected to low sensor noise and the tracking is also fast. The main types 
of trackers are gyroscopes that measure the rate of change of orientation, accelerometers 
that measure the rate of change of translation velocity, inclinometers and electronic 
compasses. By combining gyroscopes and accelerometers, it is possible to obtain 6DOF 
position and orientation. Three accelerometers in three mutually perpendicular axes can 
be used to measure x, y and z co-ordinates. Three gyroscopes can be used as well in 3 
mutually perpendicular axes to measure yaw, pitch and roll angular velocities.  
 

Intersense IS900 is a hybrid system that uses a combination of ultrasonic 
and inertial tracking [Foxlin et. al., 1998], [InterSense, 2000]. It uses an inertial cube that 
comprises of gyroscopes and accelerometers for inertial tracking. The accuracy of this 
hybrid system is very high, 4 mm and 0.2 degrees. The latency is between 4 to 10 msec. 
This hybrid technology can be used in our project as it combines the advantages of both 
technologies and the accuracy is also very high.  

 
The Inertial Tracking for mobile augmented reality, developed at Graz 

University of Technology, Austria also uses a hybrid tracking technology [Lang et. al., 
2002]. Inertial tracking combined with vision to produce improved results. This inertial 
system uses a silicon micro machined accelerometers and gyroscopes to obtain 6 DOF 
position and orientation information. This mobile and light weight system has a RMS 
noise of 2 cm/sq.sec with accelerometers and 2 degrees/sec with gyroscopes. The inertial 
tracking algorithm is implemented by digital signal processing.  

 
The main drawback of this technology is the rapid accumulation of errors, 

especially the orientation error that increases with time. This system is quite expensive 
and requires a lot of computation. If the motion is slow then the sensor noise and drift 
lead to errors. Even though the accuracy is not very high and has a few drawbacks; still 
this technology can be used as a supporting technology.  

 
Infrared Tracking 
This technology uses infrared emitters and detectors that are usually small and 
inexpensive. Another advantage of infrared tracking is that many mobile devices like 
PDAs, palmtop computers etc. have built-in infrared port. This makes it easy to integrate 
them into a wearable computer. Active Badge is an infrared based location tracking 
system developed at AT&T laboratories together with University of Cambridge [Want et. 
al., 1992]. Objects are tracked by attaching a badge that periodically transmits its unique 
code using Pulse-width modulated IR signals. A network of infrared receivers is placed 
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around the building, pick up this information and send it to a central server. This system 
has no privacy since it uses centralized architecture. But it supports heterogeneity of 
networks. The range is 6 m, but the accuracy is room dimension which is very poor for 
our application. 
 

Locust Swarm is another IR based system developed at the MIT Lab, 
Wearable Computing Department [Starner et. al., 1997]. Fixed IR transmitters that emit 
room number are used along with mobile IR receivers attached to mobile devices like 
PDAs, etc.. This privacy aware, decentralized and inexpensive system needs no battery 
power supply since it is dependent on solar cells. The size dimensions make it feasible for 
wearable computers. The accuracy of can be improved by placing more number of 
transmitters, but still the accuracy is not very good.  

 
UbiTrack is another IR location system that has better accuracy than the 

above discussed IR systems by using error filtering method, overlapping of sensing area, 
etc. [Jung & Woo, 2003]. This system uses IR transmitters that are installed in a grid 
form on the ceiling. The transmitters use Amplitude Shift keying modulated IR signal. 
The portable receiver obtains the transmitted ID. The overlapped ID signals are also 
recognized to improve resolution. IRREAL system developed at the University of 
Saarbrucken also use fixed IR transmitters, and receivers placed in the user’s Palm Pilots 
to obtain location information [Butz et. al.].              

 
Infrared technology is affected by its limited range, line-of-sight 

requirement and performance degradation in presence of sunlight or fluorescent light. It 
is also affected by dead spots and is an indoor only tracking system. The accuracy of this 
technology is also not very high. But this technology can be used for synchronization 
purpose, especially when using a system based on ultrasonic technology. 
 
Microwave Radar Tracking 
Microwave radar is mainly an outdoor long distance technology. It works well outside the 
building where there are not so many obstructions. But, it is severely affected by multi-
path in office environments. Hence because of its unsuitable indoor properties, it is not 
considered for this indoor application. 
 
Ultra Wide Band Radio Frequency Tracking 
Ultra Wide Band is a short range radio technology that enables high speed short area 
networks. It is an emerging technology for accurate location tracking. It uses the time-
difference-of-arrival (TDOA) to obtain the location information. It performs very well in 
indoor, even in severe multi-path environment. This is because it is easier to distinguish 
the direct path from multi-path reflections. The signals can pierce through walls; metallic 
objects and is not a line-of-sight technology. This technology undergoes minimal 
interference with other communication systems. The power requirement is very less 
because the signal is spread across a large frequency band. It supports very high data 
rates, but has a short operational range of 10m. The accuracy is around 6 to 12 inches. 
Even though the accuracy is reasonable, our application requires better accuracy.  
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PAL650 (Precision Asset Location System), developed by Multispectral 
solutions Inc. uses Ultra    Wide Band technology to track object locations [Fontana et. 
al., 2003]. This short pulse RF signal based technology uses time-difference-of-arrival 
(TDOA). This system uses a set of active UWB tags with a reference tag as well, UWB 
receivers and a central processing hub. Hub-Computer interfacing is done using RS-232 
or Ethernet. The tag size is 1.87 inches in diameter and 0.87 inches in height. The 
accuracy is claimed to be better than one foot.  

 
Aether Wire UWB Localizer uses integrated UWB transceivers called 

Localizers that determine location information by sharing range information within a 
network. The range between pairs of localizers is determined by exchanging UWB 
signals with coded sequence of impulse. All the nodes that belong to a local group are 
connected together to form a cluster. Nodes in one cluster, link with one or more nodes in 
other clusters to form an integrated clusters network. This system uses a precise timing 
technique. The accuracy is 1 cm which is very good.   

 
Ubisense is an in-building UWB radio based tracking system that uses 

Angle of Arrival (AOA) and Differential Time of Arrival (DTOA) to obtain location 
information [Cadman, 2003], [Steggles & Cadman, 2004]. Small tags are attached to 
objects to be tracked and a network of receivers placed around the building. A location 
management platform is available that processes and distributes location information to 
applications. A model of the world is built to enable context aware applications. The 
accuracy is around 15 cm and the UWB signals operate at 960 MHz. This system has 
good scalability and high update rate. 

 
Even though this technology has a wide range of advantages, it is difficult 

to design the timing circuit and the accuracy obtained is feasible but not optimal for our 
application. This eliminates the technology as the primary partner in sensor fusion based 
localization applications that require high degree of accuracy. But this technology can be 
used as a supporting technology to yield better accuracies.  

 
Bluetooth based Tracking 
Bluetooth communication standard has the advantage of integrating with an increasing 
number of customer devices such as mobile phones, PDA’s and digital cameras. This 
reduces the complication of designing a wearable device for this type of tracking. Blue-
tooth option suffers due to its accuracy constraint which is around a few meters. Another 
limitation of Bluetooth systems is its power consumption. Since it uses 802.15.1 protocol 
it consumes more power which is a limiting constraint when designing any wearable 
computer. The bandwidth capability and its limited operational range of 10m are also 
some limiting factors of this technology, although it doesn’t affect our project directly. 
 

Blue Tags is a location tracking system that uses small, low cost wireless 
data transmitters using Bluetooth wireless technology to send signals that can be 
recognized by the user’s mobile phone or personal digital assistants (PDA). This system 
could be used in both indoor and outdoor environments [Quigley, 2004]. It is developed 
based on privacy centric approach and uses the concept of location sniffing to obtain the 
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location information. Location sniffing is a method to locate an infrastructure that knows 
its location. Location information is calculated by combining the information obtained by 
sniffing of existing wireless infrastructure using Bluetooth and the local wireless 
infrastructure details obtained from GSM network positioning system. Hence this system 
couples network-centric positioning (ETOA) system with a more accurate indoor location 
system. Advantages of this system include no need to access the wireless infrastructure 
but rather to know if it exists. There is also no need for special purpose tags, locator 
devices etc... The other Bluetooth systems like BBK Beacons use proximity values to 
obtain location information with an accuracy of 2m. Bluesoft use the principle of micro 
cell ID and obtains an accuracy of 10 m.  This spread spectrum technology is not suitable 
for our purpose because of its accuracy constraint. 

 
Ultrasound Tracking 
This technology uses the time-of-flight property of ultrasound to calculate the location 
information. A triangulation of ultrasonic receivers is used to obtain the location 
information. This system is not affected by metallic objects or magnetic fields produced 
by other devices. It is easy to implement. The product cost is very less and also of-the-
shelf emitter and receivers are available. This non-contact technology has good accuracy 
as well. The performance of this system is affected by the manner in which the emitter 
and the receivers are installed. Hence proper installation is a prerequisite.  
 

Active Bat is an Ultrasonic positioning system developed at (AT & T) 
Laboratories together with University of Cambridge [Harter et. al., 2002], [Bat]. This 
system uses both ultrasonic signals and radio frequency signals. A Base station 
periodically transmits a radio signal that stimulates the corresponding bat to transmit a 
short un-coded pulse of ultrasonic signal. Ultrasonic receivers are placed with in a square 
grid of 1.2 m apart in the ceiling. The receivers record the time of arrival of the ultrasonic 
signal from the bat. The distance is measured using relative velocity of ultrasonic and 
radio frequency signals. A triangulation algorithm is used to calculate the location 
information. The accuracy is around 3 cm in 3-D and this high accuracy is obtained due 
to the highly centralized and stable control system. The small size and light weight 
feature of bats enable them to be used in wearable applications. But this system does not 
support heterogeneity of networks.  

 
Cricket is an in-building, mobile and location dependent application that 

uses both radio frequency signals and ultrasonic signals [Priyantha et. al., 2000]. The 
difference in radio frequency signal and ultrasonic signal propagation times is used to 
infer the position information. There are beacons spread throughout the building that 
transmit ultrasonic signals. On each transmission, a beacon concurrently sends a RF 
signal with location information and an ultrasonic signal. A listener is used to measure 
the time difference between the receipt of the first RF bit and the ultrasonic signal to 
calculate the distance of the listener from the beacon. This system is based on 
decentralised architecture that preserves privacy. It supports network heterogeneity, 
consumes very less power of 15 mW and is built with off-the-shelf inexpensive 
components. It costs just $ 10 for a pair of beacon and listener.  
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The RF free Ultrasonic Positioning System developed in University of 
Bristol is based on ultrasonic signals that use the concept of RF elimination. The 
transmitter sends one RF signal followed by timed ultrasonic signals. This enables RF 
free positioning. The advantages of RF elimination include latency reduction since no 
need for RF signal processing, cheaper since only low cost narrow band ultrasonic 
components are used, consumes less power, and is small in size to be integrated into a 
wearable system. This system is scalable, achieves user privacy and has a good accuracy 
of 1.9 cm in 2D and 5 cm in 3D. 

 
One limitation of this technology is that it is line-of-sight dependent. Even 

if a very thin object is present between the emitter and the receiver, the system doesn’t 
work. The other limitation is that this technology is sensitive to air temperature and 
certain noises. Considering the advantages of this technology, it is a good option to use it 
as the primary technology in WOMT to track object manipulations. The limitations could 
be mitigated by combining these technologies with some other technology like inertial as 
in Constellation [Foxlin et. al., 1998] and Blue Trak [Hans et. al., 2003]. 

 
IEEE 802.11 WLAN (Wireless Local Area Network) based Tracking 
IEEE 802.11 is a technology that uses the existing WLAN infrastructure, to obtain 
location information. This technology is not dependent on line-of-sight for 
communication. RADAR is a system built on IEEE 802.11 technology that uses the RF 
signal strength to obtain the distance between a transmitter and a receiver [Bahl & 
Padmanabhan, 2000]. The signal strengths are recorded and processed at multiple base 
stations positioned to provide overlapping coverage in the area of interest. The empirical 
measurements are combined with signal propagation modeling to obtain the user location. 
This system has an accuracy of 4.5 m. 
 

Ekahau Positioning Engine is another IEEE 802.11 based system that 
manages an accuracy of 1 m [Ekahau]. This system is also based on signal strength 
calibration. It uses statistical methods to obtain location information. This system uses 
only IEEE 802.11 infrastructure and provides a software based solution. But this system 
consumes a lot of power due to the usage of 802.11 protocols. The other limitations 
include the fact that all objects to be tracked must support WLAN. This may not be 
feasible on small devices. This technology is not suitable for object manipulation tracking 
but is used in WOMT design to track the user in indoor building environments with 
WLAN infrastructure. This technology can be used in obtaining the absolute location of 
the user since it has a range dependent on the network coverage.  

 
Global Positioning System 
Global Positioning System works well outdoor. It makes use of 24 NAVSTAR satellites 
that transmit radio signals that are received by a receiver and the time-of-flight is used to 
obtain the location information [Caplan, 1996]. It uses triangulation wherein the GPS 
receiver monitors for radio signals from 3 or 4 satellites. In order to calculate the exact 
time-of-flight, very accurate atomic clocks are used as reference points. The accuracy is 1 
to 5 meters which is definitely not suitable for out application which needs better 
accuracy. The accuracy is affected to a very large extent due to even a small timing error 
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of 1 msec. The other limitation is that it doesn’t work well in indoor because the signals 
are not strong enough to reach the receivers indoor. More over it is a line-of-sight 
dependent technology wherein the building acts as the obstruction in indoor environment. 
The cost of the GPS receivers are approx $200. In order to make GPS work accurately in 
indoor environments, Assisted GPS can be implemented that make use of both GPS and 
the existing network to aid in obtaining location information [Djuknic & Richton, 2001]. 
Taking advantage of GPS technology’s feasibility as an outdoor tracking technology, it is 
used in WOMT design to track the user wearing the system in outdoor environments. 

 
Radio Frequency Identification (RFID) based Tracking 
This is an emerging technology that has the ability to uniquely identify all objects 
carrying RFID tag. RFID tags store the object identification data to a radio frequency 
compatible integrated circuit. The basic components of this technology are RFID readers, 
RFID tags and communication link between them. This technology takes advantage of no 
contact, non line-of-sight, immunity to extreme environmental conditions, cost etc... 
RFID technology can be either active or passive. Passive RFID uses tags that operate 
without battery and uses the RF signal transmitted by the reader to obtain operational 
power. The RF signal received at the passive tag is modulated with object identification 
data and reflected back to the reader. Passive tags are lighter, cheaper and have an 
unlimited operational time when compared to active tags. Active tags are embedded with 
a radio transceiver and a battery. They have better read ranges, data communication 
possibility, high storage capacity, on-tag security, can be re-written by RF interrogators 
etc., but have the limitation of battery requirement.   
 
Active RFID 
Active RFID tags operate in 2.4 GHz ISM band. Their biggest disadvantage is that they 
require battery for their operation. Hence they are more expensive than passive RFID tags 
and the battery has to be replaced frequently. This technology may be suitable for objects 
that are precious, but not for inexpensive daily use objects. MIT Auto ID center’s goals 
include cheap RFID tags, standardized protocols for querying and managing tags; and 
also to deal with privacy concerns. 
 

LANDMARC is location sensing system based on active RFID [Ni et. al., 
2003]. It uses 802.11b communication protocol with an operational range of 150 ft. The 
battery life is 3-5 years and is built with off the shelf products. This system uses 9 readers 
with each reader having its own read range depending on its power level that can detect a 
tag in its territory. The readers are placed in such a way as to cover a region and the 
location information of the tag is obtained depending on all the readers that detect them. 
Accuracy could be incresed by using reference tags. This system is independent of signal 
strength information. 

 
SpotON is another indoor location sensing system that uses radio signal 

strength analysis in obtaining 3-dimensional location information [Hightower et. al., 
2000]. Multiple base stations are used that measure the signal strengths which are 
indirectly mapped to the distance measure. This system uses centralized server 
architecture that implements triangulation algorithm to obtain the object location in 3D. 
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An aggregation algorithm with hill-climbing is also used to minimize signal strength 
error which is quite common in office environments. This system consumes less power 
and has a hardware cost of $120.   

   
Passive RFID 
Passive RFID tag is an emergent technology that is used to identify objects. It operates in 
UHF band between 862 MHz and 928 MHz. Even though passive tags operate without 
battery, the range is very less, around a few inches and the reader has to be very close to 
the tag. The reader power could be increased in order to obtain better ranges. They are 
usually factory-programmed-read-only tags with lower storage capacity. They do not 
facilitate data communication but are very cheap around $ 1 per tag and are very small in 
size. The reader is also suitable to be designed as a wearable computer. For our project 
passive RFID tags are more suitable than active RFID tags because of their battery-less 
operability advantage.  
 

Magic Touch is an object location tracking system using passive RFID 
technology along with ultrasonic technology [Pederson, 2003]. Passive RFID tags are 
attached to all the objects to be tracked. A wireless wearable tag reader is worn by the 
user in his hands that identify the tagged objects when grabbed by the user. A position 
transmitter is placed in the user’s hands that transmit ultrasonic signals to 4 receivers in 
the ceiling. Triangulation algorithm is used to calculate the user’s hand location which 
invariably gives the objects location. The accuracy obtained by this system is around 1 
cm. This technology is used in WOMT design as a technology to identify the object being 
manipulated.    

 
RFIG (Radio Frequency Identity & Geometry) 
This technology combines RFID technology with portable projectors to both locate the 
objects carrying the tag as well as provide a visual feedback. RFID Lamps is a system 
developed by Mitsubishi Electric Research Labs that uses this technology to locate 
objects within millimeter accuracy [Raskar et. al., 2004]. This system comprises of a 
handheld projector that projects virtual images on physical objects and RFID tags 
augmented with photo sensors to identify the object that carries it. Attaching several tags 
to different surfaces of an object can be used to identify not only the objects location but 
also its shape and orientation.   
 
Hybrid Tracking 
Each technology has its own advantages and disadvantages. There isn’t one technology 
that satisfies all the requirements of our specified problem. Hence there is a need to 
combine more than one technology to obtain appreciable results. This type of tracking 
where two or more technologies are combined is known as hybrid tracking. Constellation, 
Blue Trak and VIS-Tracker are existing hybrid tracking systems. 
 

Constellation is an inertial-ultrasonic hybrid tracker. Inertia Cube is used 
for inertial tracking. This technology provides the advantages of high update rates and 
filter out corrupt range measurements like echoes and acoustic interference. They also 
perform optimal motion smoothing & prediction, and correct the drift of the inertial 
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sensors. Inertial Cube obtains the angular rate and linear acceleration along the 3 axes to 
calculate the orientation information. Ultrasonic tracking uses the time-of-flight to 
measure the distances between the wearable device and the constellation of wireless 
transponder beacons. Constellation beacons receive infrared trigger code from the range 
finder module. The beacons respond with ultrasonic signals. Time-of-flight is counted by 
the range finder and the position and orientation information is calculated using a Kalman 
filter. Acoustic tracking uses tiny ultrasonic microphones that are light, cheap and 
consume less power. Occlusion problem is eliminated by implementing redundancy in 
line-of-sight with the microphones.  

 
Blue Trak is an inertial-ultrasonic hybrid tracking system that has a user 

module, 3 reference modules and a computer with USB or Bluetooth interface [Hans et. 
al., 2003]. User module is responsible for inertial tracking with its inbuilt accelerometers, 
gyroscopes and electronic compass. Reference modules are fixed at different positions in 
the room. This module sends ultrasonic pulses along with infrared pulses containing the 
identity to the user module that uses the time-of-flight property to determine their 
distances and eventually calculate the position and orientation of the user. 

 
VIS-Tracker is an inertial-vision hybrid tracking system that uses 

sophisticated sensor fusion algorithms including Kalman filtering algorithm [Foxlin & 
Naimark, 2003]. Artificial fiducials are used as part of vision tracking to develop a small, 
cheap, and easy to install and self-calibrate system. The sensor fusion module performs 3 
major tasks of tracking, auto-calibration and auto-mapping. This tracking system 
provides complete 6-DOF position and orientation information. As a part of future 
enhancements, WOMT could be re-designed with more than one technology for object 
manipulation tracking, user tracking in indoor and user tracking in outdoor environments 
to improve implicit input information. 

 
Figure 28 describe the various technologies for location aware computing 

along with their deployment domain and their accuracy.  
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Figure 28: Survey of Location sensing technologies [Hightower& Borriello, 2001]. 

 
A3 Summary 
 
The various location sensing techniques were discussed. The technologies available to 
design our prototypes were also surveyed and after further analysis the technologies like 
ultrasound, WLAN and GPS were chosen for our prototype. 
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