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1 Augmented Reality: Overview and Current
Systems

— Markus Michael Geipel

1.1 A Brief Scenario for Motivation

Before we start defining Augmented Reality (AR), looking at specific technologies and current
systems, let us imagine a brief scenario, well suited for the application of AR. In fact this
scenario is an adopted version of the scenario of the heARt-Project [16, 32] on which we will
have a closer view later on in section 1.5.

1.1.1 The Situation

A surgeon wants to conduct a cardiovascular surgery, basically a heart surgery. In order
to operate successfully she needs to know the exact position of the surrounding bones of the
chest, the veins and arteries, and last but not least the heart. As humans are not transparent,
formally there was only one choice: The surgeon had to open the patient’s body up, to
see all necessary details with her own eyes. Note, that experience would not prevent this
practice because of the fact that every human has a slightly different physiognomy '. Today
new technologies, like Magnetic Resonance Imaging (MRI) and Computed Tomography (CT)
supply the surgeon with additional information and thus enable minimal invasive surgery.
But new problems arise.

1.1.2 The Problems

The additional information is presented on monitors. This is a problem in three ways:

1. The surgeon cannot look at the patient and the screen at the same time: The workflow
is disrupted.

2. Looking at the screen while working on the patient is not ergonomic.

3. The screen is 2D whereas the patients body is 3D. So, the surgeon has to transfer and
interpret the information which further complicates the work process.

As we will see later on in section 1.5, the characteristics of the surgeon’s problem repeat
themselves in many other fields: automotive industry, military and civil aviation, repair and
maintenance, education and many more.

!There are known cases, where even the heart is not at the right, or more exactly, left place.



1.1.3 The Vision

What features should a technology, AR in this case, provide to tackle these problems?
1. The information should be provided where it is needed, directly at the patient.

2. The user, that is the surgeon should be enabled to access and interact with the infor-
mation in an ergonomically way.

3. The information should be in three dimensions like the application of the subject: the
patient’s body.

How to achieve this vision, that’s the core issue of Augmented Reality.

1.2 Defining Augmented Reality

Let us look at some definitions and how they relate to our scenario. We will see that according
to Azuma [5, 6], three major aspects have to work together in order to define AR. More
restrictive definitions, limiting AR only to the use of Head-Mounted-Displays (HMD), will
not be considered here.

1.2.1 Combining Real and Virtual

In the surgeon’s scenario we found out that the information should be provided directly at
the patient’s body. This means mixing real and virtual objects: the patient’s body and the
sensor data. And that is what is meant, when it is stated in ”Confluence of Computer Vision
and Augmented Reality” [19] that ...

Augmented Reality (AR) is a technology in which a user’s view of the real world
is enhanced or augmented with additional information generated from a computer
model.

There are two facts to be kept in mind: First, Head-Mounted-Displays (HMD) are only one
technology to combine the real and the virtual world, although it is the most frequent case.
Besides other visual display technologies which will be discussed later in section 1.4, all other
senses are potential subject to augmentation. Often it makes sense to incorporate acoustic as
well as tactile interfaces. An example of an AR-Application using only tactile augmentation
is the NAVI-Project [23]. Basically it provides an outdoor navigation system for visually
disabled persons. Second, augmentation does not necessarily mean that something is added,
although this is the common case. Augmentation also includes filtering out information.

Another example for the mixture of real and virtual objects 2 is special effects in movies.
In the Ridley Scott film ”Gladiator”, [30] battle scenes in the Roman Colosseum are shown.
The gladiators are real, the colosseum isn’t! The question is: Is this also AR? The answer:
no, it isn’t. Clearly it is a mixture of real and virtual, but AR is more. This leads us directly
to the next point.

2We will discuss the degree of mixing real and virtual in section 1.3 and technologies to accomplish it in
section 1.4.3.



1.2.2 Interactive in Real Time

Using AR technology, users can interact with a combination of real and virtual
objects in a natural way.
from ”Confluence of Computer Vision and Augmented Reality” [19]

In contrast to special effects in a movie, an AR-Application has to be interactive in real time.
In the movie you can’t just turn your head to see what hides behind a computer generated
statue of Markus Aurelius because hollywood needs hours or even days of computer as well
as manpower to produce one single scene.

In the surgeon’s scenario this means that the viewpoint has to be changed everytime the
surgeon moves his head. All she sees in her HMD, is rendered at this very moment. But what
if you watch a movie with a HMD? In the HMD the movie appears to be floating about one
or two meters in front of you. So it’s a mixture of the real and the virtual world. There is
also interaction at real time: The picture is rendered into your field of view in real time. You
are also able to somehow interact: push fast-forward, adjust the brightness and so on. Is this
enough to be called AR? Like with the special effects the answers is no, AR is more.

1.2.3 Registered in 3-Dimensions

In order to enable complex interactions the real and the virtual world have to be tightly
coupled. This is called "Registered in 3-Dimensions”. In the surgeon’s scenario this means
that the sensor data that is mixed with the patient’s body has to stick to the patient’s body
even when this body is moved or the surgeon changes her viewpoint. This does not mean, that
virtual objects are "glued” to the markers, they have their own three dimentional positions.
The markers are only orientation points to bring both worlds in sync.

Further more most virtual objects should mix in a convenient way with reality. This
means that the real object may be occluded by real ones and vice versa according to their
3-dimensional position. To do this, the AR-System has to keep track of all the real objects
that has to be aligned. This may be accomplished in a static or dynamic way. For example
some objects in the environment, like the walls or machinery, could be assumed to be static.
The computer is only fed once with the position data. Some objects cannot be assumed
static: the people interacting with the system and movable objects like tools. These have to
be tracked at real time. We will look at tracking later on in section 1.4.4.

To cut a long story short: If we mix reality and virtuality, if we do it in an interactive way
in real time and if we align all objects, real and virtual ones with each other, the vision of
the transparent patient may become true. This is the very essence of AR.

1.3 A Taxonomy of Reality and Virtuality

Augmented Reality (AR) is a variation of Virtual Environments (VE), of Virtual
Reality as it is more commonly called.[5]
Ronald T. Azuma

How can the degree of ”variation” be classified? Paul Milgram and Herman Colquhoun|22]
suggest a Taxonomy consisting of three dimentions to classify applications dealing with mix-
tures of real and virtual ...
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The Reality-Virtuality Continuum Figure 1.1 shows this continuum. We see that Reality
and Virtual Environments form the two poles. AR lies near to the real environment but
can vary from application to application: If more of the world is modeled we go towards
the VE pole whare as when less of the world is modelled we go towards the RE pole.

Centricity ...is mainly concerned with the users view on the subject of manipulation: is it
Exocentric or Egocentric? Exocentric for example would be a external, for example a
bird’s view, on the scene. The typical Egocentric situation is when the user sees the
augmented world from his, her or the subjects postion. If we wanted to control a remote
robot, viewing it through cameras ovserving the robot from outside would be external,
viewing the world through cameras atached to the robot would be egocentric.

Control-Display Congruence Generally the higher the congruence, the more inuitive is the
control. For example if you drive a car, the control metaphors are (forward, backward,
turn left, turn right) this is congruent with the reactions you see through the windshield.
But if you use a map for your navigation, the metaphors are (north, east, south, west)
and not concruent with the controll before mentioned control metaphors® Another pos-
sibility might be an automatic car, that accepts acustic commants like ”drive west 100
meters an then head north”.

Ergo: Typical AR-applications lie near the RE pole of the continuum, often use an egocentric
viewpoint and aim to minimize the Control-Display Congruence.

1.4 Technologies

1.4.1 Overview

What technologies are necessary to implement an AR-System? Figure 1.2 shows an overview.
An AR-System has to be linked with a database containing information about the virtual
world. The unidirectional connection with the real world is realized through sensing the
environment. A tracking subsystem computes the position data to provide the system with
an representation of the real world. Last but not least, the user interacts with the AR-System
via an User-Interface. Of course, as the user is part of the environment, he may interact with
it directly and thus interact indirectly with the AR-system.

3This fact maybe one reason for the success of navigationsystem, that translate the incongruant informations
on a map to congruent ones like ”please turn left in 100 meters”.
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Figure 1.2: Scheme of an AR-System

1.4.2 User Interfaces

The first question is: How can a user interact with an AR-System? The traditional computer
interaction with mouse and keyboard is definitely not appropriate for AR. Basically all senses
humans use to communicate with their environment can also be used to communicate with
an AR-System: Vision, Hearing, Touch. Voila, a digest of possibilities and examples.

Visual As we have already seen, vision is the dominating user interface (UI) in AR so it will
be discussed in depth in section 1.4.3. At this point let us only analyse how the user can
give visual command to the AR-System. A typically visual interaction is the practice
of gesture recognition: Through the use of image processing the AR-System recognizes
gestures made by the user. This technique was incorporated in the MIT’s Kids room
[18, 27]. The users, kids in this case, were taught gestures by virtual monsters. The
monsters then ”"danced” with the kids by doing the gestures that the kids did. Gestures
included crouching, throwing arms-up to make a ”Y”, flapping, and spinning.

Acoustic Speech recognition and speech synthesis still suffer from technical problems [25, 20,
28]. To cite only one example: The english sentence ”Time flies like arrows” can be
interpreted by a computer, lacking the background knowledge, in four different ways®.
So, purely acoustic interaction with computers like the one in Arthur C. Clarke’s novel
72001, A Space Odyssey” is even now, in 2004, not reasonable®. Nevertheless acoustic
signals can heavily support the UI: In the sheep-application [31], for example, a new
sheep is inserted by the acoustic command ”insert”. The new sheep’s position however
is given by touching the virtual pasture with a "magic wand”.

Tangible/Haptic Besides, the typical tangible Uls like a 3D-mouse or a joystick, also tangible
objects, like the above mentioned "magic wand” can act as Ul. A tangible object is a
tracked real object with a representation in the virtual world and can thus be used

4To find them is left as an exercise.
5 1 guess a today’s computer would quote the famous HAL sentence ”I'm sorry, Dave, I can’t do this!” if he
only could.



as an input device. In the CAR-application [9] a tangible toy car is used to navigate
through a virtual city projected on a desk, which is shown in figure 1.3. Additionally
a monitor shows the view through the windshield. Also a world in miniature can be
zoomed and tilted by moving a tangible cardboard. Another tangible UI: The Personal
Interaction Panel (PIP) of the Studierstube [29]: A tracked cardboard in combination
with a tracked pen.

Figure 1.3: Embedded picture: The tangible car on the projected city map. Main picture:
View throught the windshield.

Despite of the possibilities of every single presented interface it makes sense to combine the
modalities to form an even more powerful UL If we do this, the Ul is called multi-modal.
And in fact most AR-Systems of today, make heavy use of multi-modal Uls [13, 27, 29]

1.4.3 Information Representation

Although visualisation addresses only one of the possible modalities subject to augmentation,
it will be discussed separately and in more depth. The reason: visualisation makes up the
biggest part of the UI as well as one main part of implementation effort.

Display Devices

Head-Mounted-Displays The most common visualisation technique and also the most com-
plicated.

PDAs (mobile displays) Especially for mobile applications small displays and computers are
needed: PDAs. Since PDAs can also be equipped with small and relatively cheap cam-
eras, they are a often used for AR. They are used for example in the Sheep-Application
[27] or the PAARTI project [14].

Projection For applications with a varying user numbers where HMDs are just not convenient,
projection is a handy alternative. Projection is also possible in 3-dimensions via shutter
glasses, polarized projection or anaglyphic rendering®.

5Two views are rendered: One in red and one in blue. Via colored glasses a 3D effect can be accomplished.
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Monitors This is the smaller alternative to projection. Nevertheless, for some applications
this is sufficient. Shutter glasses and anaglyphic rendering are also applicable for mon-
itors.

Figure 1.4: An HMD and a PDA in combination with a projection screen

How to Mix Virtuality and Reality

Basically there are two possibilities to mix virtual images with the real world:

Physical This can be accomplished via half transparent mirrors, for example in HMDs or on
desks in combination with a projection screen. The advantage is that the real world can
be seen with one’s own eyes. The disadvantage: Virtual objects can not fully occlude
reality.

Video see through Reality is filmed with cameras, so that the mixing problem is reduced
to the problem of mixing two video streams. One way to mix these streams is chroma
keying: The renderer responsible for the virtual part uses one specific color to mark
transparent regions. The mixing process can be done by hardware mixers. This is ex-
actly what is known as blue box-technique in film studios. Another way is the software
approach: The "reality stream” is fed to the rendering software which uses it as back-
ground. The use of the blue box-technique is out dated. Today, even smaller computers
are fast enough to use video streams as backgound in the rendering software.

The next question is how to master occlusions. Or more specifically: how does the render,
knowing only a video stream, know what virtual objects should be occluded? Here are two
methods to tackle occlusion:

Registering and Rendering Real Objects The idea is to keep track of all real objects and
render them too, for example, in the chroma keying color, so that the video mixer will
make them transparent. The obvious problem is, this approach is doomed to fail in
an rapidly changing or uncontrolled environment: Keeping track of all real objects is
simply impossible.

Depthmaps Through Stereo Pictures Depth maps of the environment can be constructed
based on two images taken from two different viewpoints. These maps can then be used
to compute the occlusions [19]. The appealing in this idea is its flexibility: Nothing has
to be tracked. However there are situations, where this technique fails: If the environ-
ment lacks textures, for example, if it contains monochrome objects, the computation
of depth maps is impossible.

11



Challenges

Some problems and drawbacks of visualization have already been mentioned in the preceeding
section 1.4.3. But there are same more. Simply speaking, HMDs do not meet the quality
standards of the human eye: The resolution, the brightness, the contrast, all these are not good
enough to compete with reality. Some case studies: The eyes light sensitivity is logarithmic,
but most cameras have a linear sensitivity. Imagine a light bulb. When you look at it you
will see the filament as well as the bulb and its environment. Try this with a usual camera:
the bulb will be just white, the surrounding just black. That is a problem for every technique
that relies on cameras: Let us take video see through for example. Also optical see through
suffers problems: On sunny days the augmentations have not enough contrast to be readable.
At night they will glare and reality fades behind the half reflective glasses. Also safety is
a problem. This might sound strange at first. The virtual objects will not bite, will they?
No, they won’t! But imagine the following: You are wearing a closed video see through
HMD (so, you are only seeing a video image), showing some lurid augmentations, and you
are driving with your car on a German autobahn at speed of, let’s say, 210 kilometres per
hour. Would you feel comfortable? Surely not! So, we see, in some environments, AR can be
a safety problem. First by being a source of distraction and second by limitation the user’s
perception.

1.4.4 Tracking

As mentioned in section 1.2 the process of continously aligning virtual objects with the real
world can be achieved by tracking the user’s position. In this section we will discuss several
tracking approaches, their strength and their drawbacks.

Ways of Tracking

Various techniques can be used to track objects or persons. These are the most important
ones:

Time Frequency Measurements (Time of Flight) The best-known system in this category
is surely the American ”Global Positioning System” GPS 7. GPS satellites transmit
signals to equipment on the ground. These GPS devices on the ground receive passively
the signals, including the satellites position and a timestamp, of at least four satellites.
Taking in account the light speed-limit for the propagation of these signals, the GPS
device can calculate its own position. Standard GPS has an accuracy of about 10 meters
for non-military use. One meter accuracy can be reached by Differential GPS. At the
moment GPS is without adversaries. This could change with the introduction of the
European Galileo Positioning System, planned in 2008. However, both systems suffer a
major drawback: Accuracy and the dependency of line of sight to the satellites. Another
time of flight based system is ultrasound tracking. Basically ultrasound-tracking works
similar to GPS, only in small and with ultrasound as signal medium.

" There are people holding the opinion that GPS is not a tracking technology because nothing is actively
tracked, only anonymous time codes are received: This makes a GPS receiver only a box that knows its own
position, therefore it is not a tracker. Nevertheless, we will consider GPS receivers as a tracking technology
because they can be used to keep track of their own position.
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Optical Tracking The basic principle is that one or more cameras detect one or more well-
known markers. Two different approaches are possible. First, fixed cameras at known
positions and moving markers: This is called ”outside in” because the cameras are
locking at the marked object. The second possibility is just the opposite: ”inside out”;
one camera on the object looks at markers at fixed and known positions. Both techniques
depend on the line of sight between the markers and the cameras. The advantage: high
accuracy.

Inertial Tracking This form of tracking includes gyroscopes and accelerometers that sense
changes in orientation or speed. Inertial tracking is mainly used as an additive to the
other forms of tracking because it suffers drift and thus has to be recalibrated very
frequently.

Magnetic Tracking Magnetic tracking is based the fact that every magnetic coils cause a
change in the sourounding magnetc field that can be sensed. Magnetic tracking provides
good speed and high robustness. But it suffers the drawback that sensing falls victim to
disturbances caused by every ferromagnetic object in the room and thus the precicion
is reduced. And of course it can only be used in a closed environment.

Of course there are same more technologies like mechanical tracking. But let us take a
glimpse on a special form of tracking that should not be left unmentioned: eye-tracking. The
point is to calculate the user’s direction of sight. This data can be the key to context aware
applications as well as new forms of user interfaces. In the CAR Project, for example, eye
tracking data is used to interact with an information panel [9]. Basically the point is: If the
user looks at an item, auxiliary information is presented. Additionally the view cones can be
visualized via AR for ergonomic studies.

Challenges

As we have seen in our short "tour de tracking”, every tracking system has its drawbacks.
Besides these, according to Azumal5], two major problem classes exist:

Static errors These include mainly problems in the hardware configuration like optical distor-
tion in camera based system, errors in the output data of tracking systems, mechanical
misalignments or improper parameter configuration. The problems may look trivial
but they are not: How should one measure output errors? With another tracker who'’s
output isn’t error free either? How can one guarantee that all ”aligned” objects, like
markers, to stay exactly at the same place?

Dynamic errors These are caused system delays: The time the signal needs from the sensing
hardware to processing, to the renderer and finally to the screen. While static errors
are always present, dynamic errors appear only during motion. Despite improving the
processing speed, several techniques exist to reduce the lag: In video see through the
video stream can be delayed a bit to match the rendered stream. The renderer may also
render more than it is needed in order to be prepared for sudden changes of the view
port. And last but not least the system can try to predict future view port changes.

Note, that these problems are that serious due to the extremely high accuracy standards:
The angular accuracy needed for an acceptable visual augmentation is a small fraction of a

13



degree! Virtual objects not properly aligned or lagging behind are not just unappealing; they
are irritating and can even cause motion sickness.

1.5 Application

We have already seen one area of application in the surgeon’s scenario. We will now give a
brief survey of already addressed application domains. In order to structure the survey the
applications are grouped by the type of information they present to the user. Of course this
is just a theoretical scheme were also hybrids are possible. Nevertheless we will see that the
vast majority of applications fit quite perfect into this scheme.

1.5.1 Annotating the Environment

Typical for this class of applications is to provide meta information about the environment.
Applications of this class make up the biggest part of AR-applications because it comprises
less difficulties than the other two classes: First, the visualisation is less demanding. Labelling
or text has not to be realistic, it just has to be readable®. Second, also the tracking may be
less precise: if a label, a minimap or a status bar is not exactly aligned there is not much of
a problem; at least not so much as for the other classes. Let’s browse some examples ...

Navigation Being an everyday feature of modern cars, a navigation system for pedestrians are
quite novel. One of the first project in this field was the ”Virtual Touring Machine” of
the Columbia University [15]. The system aims to help the freshmen to orientate himself
on the campus area by displaying labels on buildings and even further information, like
opening times of libraries.

Figure 1.5: User with the ”Touring Machine” equipment and a view through the HMD, (c)
1997, S. Feiner, B. MacIntyre, T. Hoellerer, and A. Webster, Columbia University

Military and Police In fact, for jet pilots AR has already become reality: The cockpit is
equipped with a Head up-Display (HUD) which overlays the front view with tactical
information, mainly vector graphics, for the pilot. The upcoming military application
concentrates on the single infantry soldier. The US-Army’s Concepts Division of the
Marine Corps Combat Development Command states

8As we will see in section 1.4.3, even this can be a problem
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...the success of a military operation in an urbanized environment depends
crucially on being able to provide navigation and coordination information to
the individual marine level. [24]

One Project that explores the possibilities of AR for this specific scenario is the BARS
Project [24] which is based on the before mentioned ”Virtual Touring Mashine” [15].
An AR-System is used to propagate the high-level knowledge of the strategic planning
staff to the single soldier on the battlefield. The soldier is equipped with an wearable
AR-System connected via wireless communication to the command central. Also for
policemen AR has the possibility to become a vital technology. An extensive survey
concerning the application of AR for the police forces can be found in ”Improving Our
View of the World: Police and Augmented Reality Technology” [12]. The authors think
about incorporating AR in the following fields: Patrol, SWAT Operations, Criminal
Investigations, Training and Supervision. A concrete idea for SWAT Operation for
example is a ”friend or foe classification”-system that could minimize collateral damage
caused by ”friendly fire”.

Repair and Maintenance Especially in the sectors Repair, Maintenance and also Construc-
tion, AR can be very useful. In Germany, the ARVIKA consortium [4] brings together
industry and research to explore new AR-solutions in this field. The Applications in-
clude AR-support for crash tests and measuring the air flow in the flume aswell as
machine and plant construction. What else? In the field of aviation, Boeing is ex-
perimenting with AR-supported wire assembly [17]. An example application of AR in
the automotive branche is the ”Intelligent Welding Gun” [14]. In the construction of
prototype cars steel studs need to be welded into the car frame at specific locations.
The precise measurement and marking of the target locations is very time-consuming.
As it is a prototype construction this process can’t be automated. The solution: The
welding gun is tracked and equipped with a small display, that guides the user to the
next target location. The ”Intelligent Welding Gun” is already productively used by
BMW.

1.5.2 Displaying Auxiliary Sensor Information

The characteristic of that class of applications is the use of sensor information to extend the
perception of the user. A significant example is ...

Medical There have been various projects exploring this application area: A research group at
the University of North Carolina [8] has built a system conducting ultrasound scannings
of pregnant women and presenting them three dimensions via an HMD to the user. As
we have already seen in the surgeon’s scenario in section 1.1, surgery is an ideal field for
AR support: An example for heart surgery is the HeartProject. Its aim was to visualize
the bones of the chest and the heart to provide a navigation aid for minimal invasive
surgery [16, 32]. At MIT the AI lab developed an AR-Application that uses MRI and
EEG scans of the patient’s brain to support neurosurgery [10]. Here the difficulty for
the doctor was to keep in mind the exact 3-dimensional target regions for the operation.
The system provided a 3-dimensional model of a patient’s brain as guidance during the
operation. It was successfully evaluated in several real neurosurgeries.
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1.5.3 Visualizing Artificial Data

The following class of applications uses artificial data the user wants to edit. Note that
this data is not meta information but primary subject to data processing and manipulation
through the user. All of the following examples are based on the Studierstube system[29]
which is well suited for this class of applications. Here the examples ...

Design An interesting example of presenting design in AR is the ”Virtual Showcase”[33]: A
virtual exhibit is projected inside a glass housing mixed with real objects. No special
glasses are needed to achieve this effect! It is based upon the mixture of real and virtual
via semi-transparent, half-silvered mirrors.

Scientific Visualization and Education Generally numerical simulations produce huge 3-dimensional
data sets. It is the task of scientists do interpret and often also to discuss these data sets.
AR can bring these 3-dimensional structures into the real world. Scientists can walk
around the structures manipulate and discuss them in a collaborative AR-application:
This was, for example, shown in numerous application among them an application that
targets especially collaborative work with the visualized data, described in ” Collabo-
rative Augmented Reality: Exploring Dynamical Systems” [1]. and one that explores
techniques for the visualisation of 3-dimentional flows[2]. An area with very similar
requirements is education, mainly in the field of mathematics: This is the aim of the
Construct3D-application [11]. Tt too is based on Studierstube and shown in Figure 1.6.

Figure 1.6: Math you can (almost) handle: Two students studying geometry in AR

1.6 Current Systems

1.6.1 Overview

So far we have seen lots of different applications. The questions is: Do they stand alone or do
there exist Toolkits or Frameworks that make the implementation of AR-applications easier?
Luckily, the answer is yes. There exists, for example, the ARToolKit [3], an open source
vision tracking library, that enables easy development of a wide range of Augmented Reality
applications. Applications using the ARToolKit include, for example, the MagicBook [21] of
the the University of Washington. There also exist entire Frameworks for AR-applications:
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The ”Studierstube”-system [29] ? uses a distributed heterogeneous architecture. It is designed
to support the implementation of collaborative augmented reality application. In order to
do this the ”Studierstube” provides a framework for multi-windowing in three dimensions
and ready to use Ul-elements like the Personal Interaction Panel: A tablet, which is aug-
mented with virtual widgets'® and controlled via a tracked pen. Another AR-framework is
the DWARF (the 'F’ already stands for Framework) . ..

1.6.2 DWARF, An Example AR-Framework

We will now look at a sample framework, the DWARF, in more detail. DWARF stands for
Distributed Wearable Augmented Reality Framework. The speciality of DWARF is its struc-
ture: It is a network of dynamically cooperating services [7]. This yields several advantages:

Distribution The service concept allows free distribution of the services: The tracking services
for example may run on one computer while another one is concerned with the rendering
etc.

Heterogenity The computers running DWARF may use different operating systems and may
be of different type: for tracking a desktop computer and for wearable visualisation
PDAs for example. Thus DWARF is well suited to mix wearable and ubiquitous com-
puting with stationary computing. Even at the service level, different programming
languages can be used: for example, Python for prototyping, Java for application logic
and C++ for time critical parts.

Modularity The service concept leads to high modularity all hardware details are abstracted
by services. As we will see in the next section, a service that need tracking data, just
advertises a Need for it in its Service Description. Thus Services become highly reusable
and flexible.

Dynamically Cooperating Services

How do these dynamically cooperating services work? A Service is the basic software unit
of DWARF. Services can have data sources and data sinks. The sources are called Abilities
and the sinks, Needs. Abilities, Needs and Services are annotated with meta information,
including the type of data they need or provide, their name, their host and many more. All
this meta information for one Service is called the Service Description and can be written
in XML. A new service may be started manually or by the middleware in case the Service
provides data needed by other services. With the knowledge of the Service Description, the
DWARF-Middleware connects the Needs and the Abilities dynamically at run-time. Thus the
essential part of the Middleware is the Service-Manager which has to run on every computer,
hosting Services. The whole communication is based on CORBA. Communication between
Services can be established via three different types of channels, including shared memory,
messages and call-backs. All running Services, their Needs and Abilities, their connections,
their Attributes and status can be visualized via a graphical front end. Figure 1.7 shows a
network of Services and their connections. With the front end, Service Descriptions of all
services in the distributed system can even be edited during run-time.

9 According to the authors, the word studierstube is derived from the study room of Goethe’s Faust.
10 The word ”widget” is a contraction of ”window” and ”gadget”.

17



Eile View Help

DWARF Interactive Visualization Environ

DIVE12

[atbruegged3]

[atbruegge43]

ServiceManager
ServiceManager

servicemanagers:
|

DIVE2 |
{lapbrueggesd] |

'
llapbruegge53]
ServiceManager

servicestarter

. ,
[atbruegge10] ‘

DIVE4

ServiceManager

RelativeEyeDirection

[atbruegge42]
Orientat

il

Controller3

ViewerBirdView
[atbruegged2]

EyePose

ManualTracker
[atbruegge10]

Viewer

sendViewerEvent [atbruegge42]
alue

ViewerControlEvent

Ready.

[Service Managers: 4 Services: 240 Visible: 15 |

Figure 1.7: Dynamically cooperating services of DWARF visualized.

Subsystems

The DWARF Services are grouped in subsystems according to ” Towards a System of Patterns
for Augmented Reality Systems” [26] One subsystem of DWARF has already been mentioned.
These are the other ones:

Tracking The tracking hardware is encapsulated in services of this subsystem. Further more
this subsystem provides a calibration service to fine tune the positions of tracked objects
at an abstract level.

Presentation The core service of this subsystem is the Viewer, an OpenGL-Renderer where
VRML-Models can be loaded and registered with Needs for position data.

Interaction All services concerned with user interfaced belong to this subsystem. One main
service for example is the UlController, a Petri net-based controller for multimodal user
input.

Context Processing and gathering of context information belongs to services of the context
subsystem.

Worldmodel All services modelling or representing virtual or real objects belong to the world
model subsystem. For example in the Sheep-Application[31, 27] virtual sheep roam
around a pasture projected on a desk. Every sheep is one service of this subsystem,
providing position data and look and feel for the presentation services.

Application This subsystem is the place where the application developer can put the application-
specific logic. This logic provides the glue, that holds together all services and subsys-
tems, used for one specific application.

1.7 The Future

As we have seen, the applications of AR are as manifold as the technical problems. There
are also manufacturers who have capitulated in the HMD sector: Sony for example has
abandoned their ”Glasstron” series. Surely AR for private use at home will take time to
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come: The hardware will not be affordable in the near future. But there are also domains in
which AR has already, silently taken its place: television, for example. More and more TV-
stations are augmenting their sport events. In Formula 1, the cars get dynamically labelled
and in soccer the advertising is no longer taped to the rails of the station but digitally painted
on them in the studio. So the question is not ”Will AR come?” but ”When will AR come and
for whom?”. Surely, sooner or later when the technologies become low-priced due to mass
production, HMDs and AR will be as common as mobile phones and laptops are today.
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2 Ubiquitous and Context Aware Computing:
Overview and Systems

— Simon Bichler

2.1 Motivation

2.1.1 Ubiquitous Computing

With more and more computing power becoming available, the limiting factor of computing
is no longer processor speed or memory size but the user’s attention. Over the next few years
there will be a shift away from today’s personal computer paradigm, that requires the user
to pay full attention to the computer. The new ubiquitous computing paradigm, will remove
the computer from the center of a users attention and into the background [2].

This shift in paradigm has been predicted by Mark Weiser over 10 years ago [12]. Mark
Weiser used the example of writing to explain the idea of ubiquitous computing: Writing is an
ubiquitous information technique today. Written information can not only be found in books
or magazines, but everywhere around us: On street signs, billlboards, even on candy paper.
In the ubiquitous computing paradigm computers will be just as immersed in our everyday
lives as written information is today.

Another example Weiser uses in [12] is the electric motor. At the beginning of the 20th
century in a factory there would be one engine, driving dozens to hundreds of different ma-
chines through a system of shafts and pulleys. With the advent of cheap electric motors each
machine could have its own motor. Today there are usually several motors in a machine, for
example a modern car. But the user does not have to be aware of all the electric motors in
order to drive the car. In an analogy to this, in an ubiquitous computing environment the
user will not have to be aware of all the computers around him in order to accomplish the
task at hand.

2.1.2 History of Paradigms for Computing Systems

According to [13] the ubiquitous computing environment is a logical continuation of the
evolution of computer systems:

1. The mainframe: Many users per computer
2. The personal computer: One user per computer
3. The ubiquitous computing environment: Many computers per user

Currently we are moving from the personal computer paradigm to the ubiquitous computing
paradigm.
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When we use the world wide web, we use all three paradigms at once: Webservers can be
compared to mainframes, both have many concurrent users. The webbrowser usually runs
on a personal computer with only one user at a time. Also, during a typical web browsing
session the user visits many different webservers. But he does not even have to be aware of
the fact, that the pages he visits are served by several different computers. The webservers
are computers that have moved to the background, away from the users immediate attention.

But in the future ubiquitous computing will be even more removed from the users aware-
ness. Computers will be embedded everywhere: In walls, chairs, clothing, light switches, etc.
Although many of today’s household appliances do already use microprocessors, ubiquitous
computing will go much further. In real ubiquitous computing these small computers will be
using many sensors to become aware of what is happening around them. They will also be
networked together to share this information with each other.

2.1.3 Context awareness

When humans communicate with each other, information is not only transmitted by spoken
language. Facial expressions, emotions, past and future events, the existence of other people
in the room, etc. are also important aspects of human communication. This information does
not have not to be made explicit, as long as the human communication partners are both
aware of it. However, when communicating with a computer, it has to be told explicitly, what
it should do. The implicit information from the situation is usually lost.

Context awareness means that an application does not solely rely on explicit input from
the user. It also uses implicit information available in the situation it is used in. This
implicit information is called context and applications that use this context are called context
aware [3]. Context aware applications should be able to come closer to doing what the user
wants than applications that do not use context.

A variety of definitions for context has been stated in literature, a quite in-depth discussion
of the different approaches can be found in [3].

The context toolkit, presented in [3], uses the following definition:

Context is any information that can be used to characterize the situation of an entity. An
entity is a person, place, or object that is considered relevant to the interaction between a
user and an application, including the user and applications themselves.

A system is context-aware if it uses context to provide relevant information and/or services
to the user, where relevancy depends on the user’s task.

Examples for context information according to [3] are:

e Computing environment: available processors, devices available for user input and dis-
play, network capacity, connectivity and costs of computing

e User environment: location, collectin of nearby people, and social situation

e Physical environment: lighting and noise level

Context awareness in mobile and ubiquitous computing

Context awareness is especially important for mobile and ubiquitous computing:
Firstly, in a non-static setting, there is more context information available. For example,
people and devices moving around and computing services dynamically becoming available.

24



Secondly, the attention of the user may be limited. He might be walking or driving a car
while using an application. In that case the explicit information provided to the application
may be sparse. If the application can use implicit information from the situation it may be
better able to unterstand what the user wants it to do.

Difficulties of using context

The use of context in an application is difficult for several reasons [3]:

e Context is acquired from non-traditional devices. That means that special drivers are
needed to access them.

e Context must be abstracted to make sense. The pure sensor data is usually not mean-
ingful. To interpret this sensor data is usually difficult.

e Context may be acquired from multiple distributed and heterogenous sources. These
sources have to be connected to a common system

e Context is dynamic. Therefor the application has to be able to adapt tp changes to its
surroundings.

2.2 Ubiquitous Computing Systems

There is still a lot of work to be done before we can expect to use Ubiquitous Computing
systems, that work in the way that was suggested in section 2.1.1. However, research is going
on and several systems have been implemented that can serve as building blocks for future
ubiquitous computing systems.

2.2.1 Active Badges

The Active Badge System was developed between 1989 and 1992 [11]. It consists of two basic
components: A badge that is carried by employees when they are inside the company building
and a network of receivers across the building. The receivers are able to detect the badges
and therefor the position of the employees within the building.

The badges are only 55x55x7 mm small and weigh 40g. Every 15 seconds they send a
pulse-width modulated infrared signal. This signal is detected by one of the sensors that are
placed around the building. The sensors are connected to a network and send the information
about the location of the badge to a master station that keeps a log of the position of all the
badges.

Because the badge has to emit a signal only every 15 seconds, the battery lasts for about one
year. The relatively long interval also helps to avoid interferences between several different
badges. Because people move relatively slowly in an office building the position can still be
measured with sufficient accuracy.

A power saving mechanism is included in the active badge, that turns off the device when
in a dark surrounding. For example when it has been put in a desk drawer or at night. This
eliminates the need for a power switch that would complicate the use of the active badge
more than nessecary.
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Alan Jones

Figure 2.1: Several Active Badges at different stages of evolution

The initial application of the active badge system was to help a telephone receptionist to
locate people and route incoming calls to a telephone close to their current position. Another
application is to control access to secure areas.

2.2.2 i-Bean

The i-Bean is a short-range, ultra-low power wireless device. It can be used to acquire, process
and transmit sensor data from an attached ring sensor. The ring sensor is fastendend around
a persons finger and measures arterial blood volume waveforms and blood oxigen saturation.
In combination this system allows online, long-term and continuous monitoring of vital signs.

The form of the sensor makes the i-Bean suitable for wearing over an extended period of
time, where other sensor might become uncomfortabel.
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Figure 2.2: The i-Bean with attached finger ring sensor

To minimize the power-consumption of the i-Bean a wireless sensor network is used. It
consists of many transceivers that pick up the signal from the i-Bean and route it to the
monitoring computer via the shortest path available. So every single transmission has to
travel only a short distance (up to 30 m) and can use less power.

2.2.3 Phidgets

Physical Widgets (Phidgets) [6] aim to be a physical analogy to graphical user interface
widgets. Phidgets have been designed as building blocks for physical user interfaces. They
support the development of such interfaces by providing a programming interface to a range
of sensors and actuators. The interface is easy to use with a standard programming language.
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The devices usable in this framework include servo motors, solenoids, LEDs, light, force and
heat sensors, digital switches and a power bar that can switch each of its outlets seperatly.
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Figure 2.3: The phidget interface board and some devices that can be connected to it

Phidgets have some requirements that graphical widgets do not:

e Connection manager: While widgets are always available to an application, physical
objects may be removed from or added to a system during runtime. The connection
manager has to monitor the state of the physical devices and inform the application of
changes.

o Identification: If there are several identical phidget devices connected to the system, it
must be possible to distinguish between them.

e Simulation mode: Graphical widgets can be easily tested, but phidgets may not be
available yet at the time the application is written. The framework therefor has to
provide a simulation mode where the application can be tested without a physical
device connected.

2.2.4 Project Aura

Project Aura [2] is trying to build an ubiquitous computing environment by integrating exist-
ing hardware and software. The two concepts that it applies are proactivity and self-tuning.

Proactivity means, that a system’s layer should be able to anticipate requests from a higer
layer instead of only reacting to it.

Aura is also self-tuning, that means that the system layers dynamically adapt their perfor-
mance and resource usage to the demands made on them.

Some of the techniques implemented in project aura are:

e Cyber foraging: the use of staging servers close to a limited mobile device to reduce the
impact of end-to-end Internet latency on intercative file-intensive applications.

o Wireless bandwidth advisor: the use of reasonable estimates of future available band-
width to make informed decisions, e.g. on server selection.

o WaveLAN-based people locator: the use of signal strength and access point information
of a WaveL AN to determine the position of persons carrying a laptop.
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2.2.5 Portable Help Desk

The portable helpdesk (PHD) is an application built on top of the infrastructure of project
Aura [2]. It allows the user to locate other people on his team and to find information about
them.
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Figure 2.4: The visual interface of the portable help desk

There are two user interfaces available: One is a visual interface (see figure 2.4), that
shows a map of the surrounding area with information about people and resources nearby.
The other is an audio interface that uses speech recognition and audio output. The audio
interface is used, when the user cannot be distracted by looking at a screen. For example
when he is walking somewhere. Both interface however use the same underlying database for
the information.

2.2.6 DyPERS: Dynamic Personal Enhanced Reality System

DyPERS is a wearable system that uses augmented reality and computer vision. It is able to
overlay real objects the user looks at with previously recorded video and audio material [8], [1].
The hardware of DyPERS consists of a head-up-display with a camera and a microphone,
worn by the user. The display is connected via wireless audio/video transceivers to a graphic
workstation (see figure 2.5). The workstation analyses the scene the user looks at. If it
recognizes an object, that has a media clip associated with it, it replays that clip.
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Figure 2.5: The hardware components of the DyPERS system.

In a first step the user has to record the video and audio clips that should later be associated
with an object. This can be easily done by using the head mounted camera and microphone.
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Then the recorded clip has to be associated with an object. Again, this can be done by
looking at the object and signaling the graphics workstation to record the image. This image
is then analyzed so it can be compared to the live video stream from the users head-mounted
camera.

When the graphics workstation finds, that the live video matches the prerecorded image,
it replays the associated video clip to the users head-mounted display. A statistical model is
used to allow the recognition of the object even under different lighting conditions or from a
different point of view.

This system could be used for a wide variety of scenarios. Some examples include:

e A TO-DO list could be stored on the users watch or on other personal items.

e A conversation can be recorded and associated with the business card of the person the
user did talk to.

A story teller can read a picture book and associate each picture with its spoken text
passage. A child could then use the system to listen to the story while looking at the
pictures in the book.

A teacher could associate objects with the spoken names of the objects in a foreign
language. A student could then use the system to learn the vocabulary of the language.

Assembly instructions could be associated with the unassembled parts.

A person with poor vision could listen to audio descriptions of the things he is looking
at.

2.2.7 Disappearing Computer Initiative

The Disappearing Computer Initiative is a EU funded research project in ubiquitous com-
puting [4]. It tries to focus on the following three objectives:

e Creating Artefacts: To embed computing and networking capabilities into common
objects

e Emerging Functionality: To find ways of combining artefacts with limited capabilities
in order to create new functionality

e People’s Experience: To find ways in which the user’s activities can be enhanced by
ubiquitous computing

One of the many projects that are part of the Disappearing Computer Initiative is the
Smart-Its project, described in the next section.

2.2.8 Smart-Its

Smart-Its [7] is a hardware platform that aims to provide a basis for the development of
ubiquitous computing applications. It was developed as a collaboration between six partners
in five countries: ETH Zurich (Switzerland), Interactive Institute (Sweden), Lancaster Uni-
versity (UK), University of Karlsruhe (Germany), the Victoria University (Sweden) and VI'T
(Finland). The research project was funded by the European Union.
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The goal of the Smart-Its project is to provide a platform for researchers and developers
of ubiquitous computing applications. With that platform it schould be possible to explore
future applications with less overhead than is currently needed. The intention is to create a
hardware analogy to a GUI toolkit for a desktop computer.

Smart-Its are used to embed sensors, computation and communication into common ar-
tifacts. The hardware design follows a modular approach that makes it easier to adapt the
hardware to a specific situation. A Smart-It consists of the following modules:

e A Core-board with a wireless transceiver to communicate with other Smart-Its
e A standard sensor board for light, sound, pressure, acceleration and temperature
e Specialized sensor boards, e.g.: gas sensor, load sensor, video camera, etc.

Standard output facilities of a Smart-It are LEDs and a speaker. The wireless network that
is used supports a speed of 125kbps. It allows 1024 nodes sending at one time.

Figure 2.6: A Smart-It with several sensors attached

A Smart-It can be as small as 17 x 25 x 15 mm. It weighs 8 to 20 gramms including
sensors and battery. It can be powered from several different sources, depending on the
application: standard AAA batteries, rechargeable batteries or lithium coin cells. The Smart-
Its platform supports power management for the core board, for the sensors and for other
attached hardware. It has a lifetimes between several days to one year, depending on the
amount of sensor use, processing and communication required by the application.

The Smart-Its perception API (PAPI) isolates application requests for sensor data from
the internal sensor processing. Each Smart-It knows what sensors are attached to it and it
shares this information with other Smart-Its. The sensor discovery range uses the physical
distance to determine which sensor data is available. A Smart-It can request remote sensor
values. It has four methods to request sensor data:

e Single value: One single value is read from the sensor

e Condition triggered: When the sensor data meets the condition the Smart-It is notified
once

e Continous subscription: Every time the sensor data meets a specified condition the
Smart-It is notified.

e Constant stream: Sensor data is read at full speed
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2.2.9 Proactive Furniture Assembly

In a project described in [5] Smart-Its with several different sensors and LEDs were attached
to an unassembled piece of flatpack furniture. The goal of the project was to immerse the
assembly instructions for the furniture into the real world instead of printing them on paper
or showing them on a computer screen.

The system was designed to recognize the users actions and translate them into the current
state of assembly. It should then give recommendations for the next step to take to further
assemble the furniture.

Figure 2.7: LEDs indicate the incorrect alignment of the boards (left) or show which screws
have to be tightened (right)

The following sensors were attached to the furniture, using Smart-Its to allow them to
communicate their measurements:

e Accelerometers to determine the orientation of each board
e Force sensors to observe screw tightening

e IR sensors to detect the co-location of boards

To present the instructions to the user several different techniques could be used. All of
them have certain drawbacks:

Augmented Reality is too cumbersome and expensive.

Audible instructions make it difficult to address the different parts without teaching the
user the right vocabulary first.

Instructions on a computer screen are not immediatly integrated with the task.

Therefor LEDs are used to suggest the next action to the user.

The system has several ways of giving feedback to the user:

e Blinking LEDs guide the users attention to the pieces he should start with.

e Positive feedback for correct actions: Correctly aligned edges are indicated by static
green light patterns.

e Negative feedback for wrong actions: Wrong actions are signaled by red light patterns.
e Fine grain direction: Individual LEDs show where screws have to be tightened

e Notification of finished task: Synchronous flashing LEDs indicate that the task is fin-
ished

LEDs are able to give dynamic cues and enhance static affordances by dynamic instructions.
There are three principles that support learning by doing. These principles are all realized
in this system.
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e Explorability: The user can explore the possibilities of aligning the boards without
penalization for aligning them incorrectly at first.

e Predictability: The furniture assembly works the way the user expects it to work. The
hints given by the LEDs are consistent.

e Intrinsic guidance: The instructions are available without the user having to perform
any special actions to access them
2.2.10 Load sensing Furniture

By adding load sensors to ordinary furniture it can be made aware of the actions perfomed
on its surface. In the Smart-Its project this has been done with tables, shelves and even a
whole office floor [10].

Figure 2.8: This dining table was augmented with load cells in each corner

Industrial load cell were attached at each corner of a dining table and connected to Smart-
Its (see figure 2.8). The load cells thus became wireless networked sensors.

The load at each corner of the table was measured with a frequency of up to 200 Hz. It
can of course be detected when an object is put down on the table or when one is removed
from the table. But by comparing the relative loads at the corners, the center of gravity of
the objects on the table can be found.

The motion of the center of gravity can be observed and used to detect interaction on
the surface, for example someones finger moving across the table top. This effect has been
exploited to use the entire table surface as a wireless pointing device to control a mouse
cursor.

Figure 2.9: Actions in a load-augmented room can be tracked
When the floor of a room is put on load cells, the position of people inside the room can be

tracked (see figure 2.10). An application using this information could easily be made context
aware.
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2.2.11 A-Life System

In [9] a system based on the Smart-Its platform is presented, that tries to aid avalanche
rescue. It makes use of wearable sensors on mountaineers, skiers and snowboarders that are
at risk of being buried by an avalanche.

Current radio-based tracking systems can only give the location of one victim at a time,
but with multiple vitims the order in wich they are rescued can be crucial.

s © COMPAO © .
iPAQ pocketpc

Figure 2.10: The A-Life system shows the victims positions, vital signs and surrounding con-
ditions on a handheld device

The A-Life System connects oximeters, oxygen sensors and accelerometers with Smart-
Its. The Smart-Its transmit environmental conditions and vital signs of a buried person
to a handheld device. The rescuers can use this handheld device to find the position of
the victims. He can also prioritize the victims by urgency based on their vital signs and
surrounding conditions, e.g an air pocket at the victims face.

While it can be important to rescue the victims in a prioritized order, it also raises ethical
questions, wether a computer should be allowed to decide which person to rescue first.

2.3 Issues of Ubiquitous and Context Aware Computing

The systems shown in the previous sections illustrate the state of ubiquitous computing today.
The common problem seems to be, that the real world use value of all these applications is
not very high yet.

For example, the use of Active Badges to route telephone calls seems absurd in a time,
where everybody owns a mobile phone anway.

The main reason for selling furniture unassembled is, that it is cheaper to transport and
store it that way.When you put several hundred Dollars worth of sensors and computers on
a 50$ piece of furniture, the economic advantage is gone. In many cases the commercial use
of ubiquitous and context aware coputing just makes no sense yet.
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Some years into the future however, the calculation might look different. Computing power
will continue to become cheaper, wireless communication will become more and more common.
One day it will become economically feasible to implement systems similar to those shown
above.
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3 Tracking - Overview and Mathematics

— Christoph Krautz

3.1 Motivation of Tracking

Tracking is the repeated localization of the position and the orientation (pose) of one or
several real physical objects. It has many applications, for example in robotics or virtual
and augmented reality. In augmented reality, where it is a core technique, it is needed for
integrating virtual objects into the real world, for example when blending additional data
on a head-mounted display. In the next chapters the most common technologies used for
tracking and the mathematics of tracking will be described and explained.

3.2 Overview Over Tracking Technologies

Several technologies for tracking have been invented. One way to classify the different types
is by physical medium. In the next chapters the most common technologies will be described
using that classification. In addition, the advantages, the problems that can occur and which
sources of error can falsify the tracking results will be dealt with.

A typical source of error is distortion due to noise within the working volume. If this
distortion is not repeatable, it can not be calibrated out of the system. A further source can
be long-term variations that cause readings to change from one day to the next day. Moreover
dynamic tracker errors can occur when the tracking system neglects the target’s motion with
respect to its measurement interval. From this it follows that a low update rate also restricts
the range the target can move between two measurements.

3.2.1 Acoustic Tracking
Description

Geometry Acoustic trackers typically use ultrasonic sound waves for determining the posi-
tion of a target. Starting with one transmitter located at fixed point in the space and one
receiver which is located on the target one gets a distance measurement between the trans-
mitter’s location and the target. This defines a sphere on whose surface the target is located.
Adding a second transmitter or receiver leads to a restriction of the surface to a circle (see
figure 3.1). The usage of a third transmitter or receiver again restricts the circle to two points
(see figure 3.1), one of which can normally be discarded because it would be to far away, for
example. Thus, a determination of the 3D position of the target is achieved.

As one can see for acoustic position-tracking either three transmitters and one receiver or
one transmitter and three receivers are needed to compute the position of a object in the three-
dimensional space. For additionally estimating the orientation, three transmitter/receiver
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pairs are required. The orientation is then computed from the different positions of the
receivers on the target that were computed as shown above.

-
-

Figure 3.1: Intersection of two spheres (a circle) and three spheres (two points) [1]

Techniques Typically one of the following two techniques, that both use the speed of sound
(in air at 0 degree celsius 331 [m/s]) for conversion of time to distance, are employed by
acoustic trackers to estimate position and orientation:

e Time of Flight and

e Phase Coherence

Time of Flight

The time of flight method computes the distance d by the multiplication of the speed of
sound v by the measured time that a sound wave needs to travel from a transmitter to a
receiver (see equation 3.1).

- ts] (3.1)

Phase Coherence

The phase coherence method computes the distance by measuring the phase difference ®
between the sound wave at the receiver and the transmitter at time ¢1, at which the position
of the target is known, and at time t3. The difference ®(t3) — ®(¢1) can be converted to the
distance the target has moved within the time interval [t1,f2]. As one can see that method is
not able to estimate the absolute position of the target without knowing the previous position.
A further aspect to note is that a phase ® + (n-27) leads to the same measurement as a phase
®, what results in an ambiguity in distance. By assuming phase changes are small within a
time interval of measurement this can usually be resolved.

Advantages

Acoustic trackers are small and lightweight because microphones sound-wave transmitters
have been highly miniaturized in the last years. They are furthermore not sensitive to influ-
ences from the environment except to noise in the ultrasonic range.
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Figure 3.2: Cosine functions with phases of 0 and 7/4 [radians] [1]

Problems And Sources Of Error

The first problem to mention is that the speed of sound is usually not constant. It varies, for
example with temperature, pressure and humidity. But non only the variance of the speed
of sound is problematic, also the ”slowness” and the low update rate resulting from it has to
be noted. If the target changes its position and/or orientation during the measurement the
result can be inexact due to the inherent delay in waiting for the signal to travel from the
transmitter to the receiver. Moreover the above mentioned sensitivity to ultrasonic noise from
the CRT sweep frequency or disk drives, for example, causes errors in the tracking results.

Existing Systems
e Logitech 3D Mouse

e InterSense IS-300, IS-600 (http://www.isense.com/)

Speed Precision Robustness Range
+ - + -
from [9]

3.2.2 Global Positioning System (GPS)
Description

GPS based tracking systems use time-encoded radio signals from satellites with atomic clocks
to calculate positions accurate to a matter of meters. Advanced forms of GPS provide mea-
surements to better than a centimeter. GPS uses time-of-flight measurements as explained
above. But the big distance between the satellites and a receiver on the earth causes a prob-
lem, the way of synchronization of the clocks of the satellites and the clock of the receiver.
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This can only be achieved by a little trick because integrating a atomic clock in every re-
ceiver would be to expensive. So, only "normal” clocks are employed. The synchronization
of the receiver clock is performed as follows. The position calculated from the signals of three
satellites is cross-checked by the signal of a fourth satellite. If that signal does not match the
estimated position the receiver knows that its own clock is out of sync. Then it computes a
correction factor, so that all four signals lead to one position. This factor is used to correct
the clock of the receiver. The disadvantage of that approach is that at least 4 satellites are
needed to find out the position of the receiver. (from [4])

Advantages

GPS is a world-wide available system.

Problems And Sources Of Error

GPS based tracking systems provide only a slow update rate. The accuracy depends on how
many satellites are on the line of sight of the receiver. However, an maximum accuracy of
two meters is still not enough for many tracking systems.

Existing Systems

e Garmin (http://www.garmin.com/)

e Trimble (http://www.trimble.com/)

Speed Precision Robustness Range
- - + ++

from [9]

3.2.3 Inertial Tracking
Description

Inertial trackers utilize accelerometers to measure an object’s position and gyroscopes to
measure the orientation of an object. They rely on Newton’s second law of motion F' = ma
and its rotational equivalent M = I«. Ideally, the accelerometer as well as the gyroscope are
deployed in orthogonal triples (for 3D position and for 3D orientation) to estimate the 6D
pose.

Accelerometers An accelerometer measures the linear acceleration of the object to which it
is attached. Position information is obtained from an accelerometer by twice integrating the
resulting acceleration, assuming that the initial conditions of the target (position and speed)
are known.

A simple accelerometer consists of a spring that a mass (proof-mass) is attached to (see
Figure 3.3). Actually it measures the force exerted on the mass (see Figure 3.4) since the
acceleration cannot be measured directly. When there is no acceleration imposed upon the
accelerometer, the spring is at rest and exhibits zero displacement. If a force is applied to the
accelerometer, it will accelerate but inertia causes the suspended mass to lag behind, result-
ing in a displacement. By the relationship F' = ma the measured force is transformed into

39



a measure of acceleration. Finally, by twice integrating the estimated acceleration over the

. N . . 2
measurement time the searched position information can be obtained. From a = Cfngx follows
that = [ [a dt*.
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Figure 3.3: Spring at rest with zero displacement [1]
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Figure 3.4: Spring under acceleration with displacement [1]

Gyroscopes Gyroscopes base on the principle of conservation of angular momentum, ”which
states that an object rotated at high angular speed in the absence of external moments, con-
serves its angular velocity.” [7] This principle is employed by two different types of gyroscopes.
The first one uses a wheel that is mounted on a frame. The rotation-axis can rotate with
three degrees of freedom and external moments due to friction are minimized. So the frame
can be frame can be turned ”around the wheel without experiencing a change in the direction
of its axis” [7]. The orientation of the wheel relative to the frame is computed from the angles
measured by rotational encoders attached on the frame.

The second type of gyroscopes uses a phenomenon called ”precession” that is caused by
the principle of conservation of angular momentum. ”If torque is exerted on a spinning mass,
its axis of rotation will precess at right angles to both itself and the axis of exerted torque.
If the mass spins very fast, it will have a large angular momentum that will strongly resist
changes in direction.” [1] This phenomenon is illustrated in figures 3.5 and 3.6.

If the spinning mass, e.g. a wheel, is mounted on gimbals the torque can be measured (see
figure 3.7). Three rate gyroscope, one for each axis, are required for computing the orientation
of an tracked object.
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Figure 3.7: Rate Gyroscopes for measuring the rate of turn (left) and the rate of roll (right)

1]
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Advantages

Accelerometers usually are lightweight (micro-machined accelerometers are available), and all
accelerometers have an absolute reference.

Because no external reference is required to estimate the position and the orientation there
are not limits on the working volume and the user is able to move around unencumbered in
the environment.

Furthermore inertial trackers provide a very good performance at high frequency and over
short time intervals.

Problems And Sources Of Error

Due to the numeric integration errors in position accumulate over time. These errors can be
minimized with periodic recalibration.

The main problem of gyroscopes, however, is caused by the remaining friction between the
axis of the spinning mass and the bearings. This leads to inaccurate estimations with time.
Existing Systems

e Intersense InertiaCube (http://www.isense.com/)

e Xsense (http://www.xsense.com/)

Speed Precision Robustness Range
++ - ++ ++
from [9]

3.2.4 Optical Tracking
Description

Optical tracking systems user either an image-based approach or the determination of sweep-
beam angles to compute the position and orientation of a given target.

Two types of targets can employed by optical tracking systems: active and passive targets.
Active targets are for example light-emitting diodes (LEDs). Often infrared LEDs are used
to prevent a disturbance due to ambient light. Passive patterns consist of reflective materials
or high contrast patterns.

Charge Coupled Devices (CCDs) A CCD array usually consists of a 1D or 2D collection
of light-sensitive cells (see figure 3.8).

Quad Cells Quad cells consist of four photosensitive cells (see figure 3.9).

Lateral Effect PhotoDiodes (LEPDs) One-dimensional LEPDs are made up of a silicon
photosensitive region at which two terminals are attached on either side (see figure 3.10). The
electrons produced by an incident light beam flow laterally towards the terminals causing an
measurable amount of current that depends on the distance of the centroid of the incident
beam from the terminals. Equal current values are measured at each terminal, if the centroid
occurs at the center of the photosensitive region. A two-dimensional LEPD is made up of two
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cell (pixel)

Figure 3.8: 1D and 2D CCD Detector Arrays [1]

Figure 3.9: A Quad Cell [1]

one-dimensional sensors that a located orthogonal to one another. A LEPD can be employed
for the detection of both the intensity and the position of an incident light beam.

I p—

Figure 3.10: A 1D Lateral Effect PhotoDiode

Outside-in versus Inside-out

A sub-classification of optical systems is outside-in versus inside-out.

Outside-in systems (see figure 3.11) are widely employed by designers of tracking systems.
They usually employ sensors that are mounted at a fixed location (position and orientation)
in the scene. The tracked objects are marked with passive or active landmarks. The number
and/or the shape of the landmarks varies depending on the number of degree of freedom with
each object is to be tracked. At least three landmarks are needed to estimate the position and
the orientation of an object. For providing redundancy, in order to avoid false estimations due
to occlusion, or for improving the position and orientation estimation, additional landmarks
can be used.

In contrast to outside-in systems inside-out systems (see figure 3.12) utilize sensors that are
attached directly to the object to be tracked for position and/or orientation estimation. These
sensors observe the scene which is marked with landmarks. The number and the shape of
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Figure 3.11: A outside-in configuration [6]

the landmarks again depends on the same criteria as described for outside-in systems already.
Inside-out systems are rarely used for indoor applications and are required outdoors.

Reference

Figure 3.12: A inside-out configuration [6]

System Configuration

Principally the estimation of position and orientation works as follows. A single point on a
2D detector, produced by a incident light beam from a marker, provides a ray in the 3D-space
defined by that pixel and the center of the projection of the detector (see figure 3.13). The
usage of at least two detectors results in two rays that have to be intersected to compute the
position of the target. The orientation can be obtained by comparing the position information
of three different markers.

Advantages
Optical tracking systems typically have good update rates because they interact with the
environment at the speed of light. Therefore they are well suited to real-time systems.

Problems And Sources Of Error

The accuracy and the resolution of the measurement decreases with the distance of the target
from the sensors. The first type of inaccuracy occurs, if the sensors a close together. The
lines to the object determined by each sensor then are nearly parallel which results in poor
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Figure 3.13: Incident light-beam on a 2D-sensor [2]

positional accuracy due to the almost equal line equations. For minimizing this problem the
sensors should be far apart and at nearly right angles to one another (see figure 3.14).

large
|, uncertainty

i small
 uncertainty

Figure 3.14: Relation between uncertainty and sensor position [1]

The second type occurs, if the markers cannot be resolved spatially in an easy way. This
can happen because their relative distance on the sensor image appears smaller as the target
gets farther away.

Further sources of error are optical noise and spurious light. Thus, optical tracking systems
usually employ infrared light to minimize thereby caused errors.

Finally, errors due to occlusion of landmarks / features have to be mentioned, which can
fortunately be controlled by a clever placement of the landmarks / features.
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Existing Systems
o ART (http://www.ar-tracking.de/)

e Northern Digital Polaris (http://www.ndigital.com/)

Speed Precision Robustness Range
- ++ - +
from [9]

3.2.5 Magnetic Tracking

Magnetic trackers measure the position and the orientation by utilizing magnetic fields. Usu-
ally low frequency AC fields or pulsed DC fields are generated in each of three orthogonal
triaxial coils at the transmitter. Together with the three orthogonal triaxial coils at the
receiver position and orientation measurements can be provided.

Magnetic Fields

Generating magnetic fields Magnetic fields are generated by using current carrying coils.
The magnetic field produced by a circular coil with a single-turn winding is illustrated in
figure 3.15. H, and Hg are the radial and tangential components of the field and described
by

H, = 578 cos(O)
M
H@ = m COS(@)

(3.2)

where M is the magnetic moment of the loop (M = NTA), A and N are the area enclosed
by the current loop and number of turns of the loop or winding, I is the current carried by
the coil, d is the distance to the center of the field and © is the off-axis angle.

Detecting magnetic fields A magnetic field that varies with time will induce a voltage in a
coil. This voltage can be measured electrically and is proportional to the the angle between
the axis of the inducing coil and the axis of the coil the voltage was induced in as well as
to the distance between the two coils. Disregarding the distance the maximum voltage is
induced, if the transmitting coil is oriented in the same direction as the receiving coil.

System Configuration

A one-dimensional magnetic tracking system is made up of a transmitter coil and a receiver
coil. As explained above the induced voltage level provides information about the both
distance from the transmitter to the receiver and the axis-alignment between them. Three
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Figure 3.15: Magnetic Dipole [1]

separate orthogonal triaxial coils utilized for both the transmitter and the receiver of a three-
dimensional magnetic tracking system. The three source coils are activated serially and the
induced signal in each of the three receiving coils is measured. This leads to three values (one
of each receiving coil) for each source coil and the resulting nine-element measurement is used
to compute the position and the orientation of the receiver relative to the transmitter. The
strength of the induced signals can be compared to the known strength of the transmitted
signals to find distance. The strength of the induced signals are compared to each other to
find orientation.

Advantages

Magnetic trackers are inexpensive and small. In contrast to optical trackers they don’t suffer
from occlusion problems. They provide a high update rate and a low lag.

Problems And Sources Of Error

The main disadvantage of AC magnetic sensors is the distortion of the magnetic field ge-
ometry caused by ferromagnetic and other conducting objects within the sensor space. The
magnetic fields of the source coils induce so called eddy currents in these objects and thus
small magnetic fields are generated around them. The fields cause distortions in the source
fields and that results in inaccurate position and orientation estimates. As this is particularly
a problem if AC transmitters are utilized (AC signals are continuously varying) the usage of
DC transmitters solves the eddy current interference problem. Unfortunately, distortions due
to ferromagnetism are still a problem for DC systems.

Another restriction of magnetic trackers is the small size of the working volume due to the
rapid decrease of a magnetic field with respect to the distance of the source coils. Furthermore
magnetic tracking systems are sensitive to electromagnetic noise.
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Existing Systems

e Ascension: Flock of Birds (http://www.ascension-tech.com/)

e Polhemus FASTRAK (http://www.polhemus.com/)

Speed Precision Robustness Range
+ - ++ -
from [9]

3.2.6 Mechanical Tracking

Description

Mechanical trackers measure the joint angles and lengths between joints. One position in
the set-up is known, so all other absolute positions can be derived from the relative joint
measurements.

Mechanical trackers are often used in motion capture.

MetaMotion’s Gypsy

Fakespace’s Boom HF

Figure 3.16: Some example mechanical tracking systems [1]
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Advantages

Mechanical trackers have a good accuracy and provide a high update rate. The don’t suffer
from environmental linked errors.

Problems And Sources Of Error

Problematic is the limitation of motion due to the mechanical linkage with the reference. A
low encoder resolution can cause an inaccuracy in the measurement.

Existing Systems

e Immersion CyberGlove (http://www.immersion.com/)

e Meta Motion (http://www.metamotion.com/)

Speed Precision Robustness Range
+ ++ ++ -
from [9]

3.3 Mathematics of Tracking

For a full description of the position and orientation of an object in the three-dimensional
space, six degrees of freedom are needed. For specifying the position the Cartesian coordinates
x, y, and z with respect to a given reference coordinate system are required. The orientation
can be defined by three angles («, 3, ), also known as pitch (elevation), roll and yaw (azimuth)
(for details see section 3.3.5). Equivalently, a pose can be represented by a 4x4 homogeneous

transformation matrix:
R T
#=(g 1)

where R is a 3x3 rotation matrix, defining the same rotation as the three angles (o, 3,7),
and T is a translation-vector (x,y, z). Tracking algorithms have to transform measured values
in order to estimate the pose of a tracked object with respect to a given reference coordinate
system. In the following sections the fundamental operators needed for those transforma-
tions will be explained. For didactic reasons first the operators will be defined in the two-
dimensional space and afterwards in the three-dimensional space. Problems, that occur when
several transformations have to be concatenated, will also be dealt with.

In the following sections the source-point is denoted by P and the transformed point is
denoted by P’

3.3.1 Transformations in the Two-dimensional Space
Translation

A translation is simply a shift of a point P by adding a translation-vector (a,b) to it.
P = (ajvy) — P’ = (IE-FCL,y—'-b)
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Figure 3.17: Right-handed coordinate system [1]

Figure 3.18: Translation in 2D space
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Scale

Scaling is simply the multiplication of each component of a point P with an arbitrary value.
It can be performed by multiplying each entry of P with an scale-factor.

P=(z,y) — P' = (s17, 527)
But also a 3x3-matrix can be used to represent the scale transformation above.

P =SP

. S1 0
= (0 2)

Figure 3.19: Scale in 2D space

Rotation

Rotation means that a point P is rotated about the origin of the reference coordinate system
through an angle a.

P=(z,y) — P' = (2",y)
where

7' = xcosa — ysina

and

Yy =xsina+ ycosa

Written as a matrix the rotation-transformation looks as follows.
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P'=RP

R = cosa —sinao
sinaw  cos«

YL
-
Ny Z
1
i3
>
1 2 3 X

Figure 3.20: Rotation in 2D space

But what happens, if we want to combine several transformations, for example first a
rotation and then a translation. We have to apply first the rotation to all of our points
and then we have to apply the translation to all of our rotated points. But it would be
more efficient, to first concatenate both transformations and then to apply the resulting
transformation to all of our points. Here, it has to be mentioned, that scaling and rotation
are multiplicative transformations and translation is an additive transformation. In order to
be able to concatenate all transformations we have to make them all multiplicative. For this
reason Homogeneous Coordinates will be introduced in the next section.

Homogeneous Coordinates

A two-dimensional coordinate (z,y) is represented by a homogeneous coordinate (z,y,1). In
general a two-dimensional homogeneous coordinate is defined as (z,y,w) (see figure 3.21).

Figure 3.21: 2D homogeneous coordinate space [1]

The above defined operators for translation, scale and rotation now have to be redefined
as follows.
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Translation:

1 0 a
T = 01 b
0 0 1
so that
z 1 0 a
y/ = P/ = T_P = 0 1 b
1 0 01
Scale:
S1 0 0
S = 0 s9 O
0 0 1
so that
x! s; 0 0
y’ =P =5P= 0 s9 O
1 0 0 1
Rotation:
cosa —sina 0
R = sinae cosa O
0 0 1
so that
x cosae —sina 0 z
Yy =P =RP = sinae cosa O Y
1 0 0 1 1
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S1T

= S2Y

T cosa — ysina
rsino + ycos o
1

(3.3)

(3.6)

(3.7)

(3.8)



3.3.2 Concatenation of Transformations in the Two-dimensional Space

An important operation during tracking is the concatenation of several transformations for
calculating the pose of a target-object. In order to apply translation and rotation in one step
to a point homogeneous coordinates have been introduced. But still one problem comes up
when concatenating transformations. In which order should the different transformations be
applied to the origin set of points.

Consider the following example for illustration:

Let P = (1,0,1) be the original point in homogeneous coordinates and let

1 0
T = 01
0 0

be a translation operation, that shifts the x-coordinate about one and let

1
0
1

cos(m/2) —sin(w/2) 0
R = sin(mw/2)  cos(m/2) O
0 0 1

be a rotation operation, which rotates a coordinate system through 90 degrees.
These operations shall be applied to the point P.

If T is applied 