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Zusammenfassung

Erweiterte Realität (engl. Augmented Reality) kombiniert die reale mit der virtuellen Welt,
indem virtuelle Objekte in die Sicht des Benutzers auf die Realität eingeblendet werden. Um
diese “Erweiterungen” an der richtigen Stelle anzuzeigen, werden verschiedene Tracking-
Technologien eingesetzt, die den Ort und die Blickrichtung des Benutzers feststellen. Dies
erfordert hohe Genauigkeit, hohe Aktualisierungsraten und geringe Verzögerungen, um ei-
ne überzeugende Darstellung zu erreichen.

Ubiquitous tracking ist ein neuartiges Forschungsprojekt mit dem Ziel, durch die Vereini-
gung von Ubiquitous Computing und Erweiterter Realität mobile und stationäre Tracking
Systeme dynamisch zu integrieren, um mobile und weiträumige Anwendungen der Erwei-
terten Realität zu ermöglichen.

Um verschiedene, zur Entwicklungszeit nicht bekannte Tracking Technologien dynamisch
zur Laufzeit zu kombinieren, sind Statistiken über die Sensorgenauigkeit nötig. Auch bei
Transformationen der Messdaten müssen die dazugehörigen Fehlerbeschreibungen aktuali-
siert werden.

Automatische Umrechnungen zwischen verschiedenen Koordinatensystemen sind
möglich, indem das Produkt von unterschiedlichen Tracker Messungen berechnet wird. In
heterogenen Sensorumgebungen sind jedoch vor einer solchen Kombination Vorverarbei-
tungsschritte nötig, denn im Allgemeinen machen verschiedene Tracker ihre Messungen
nicht gleichzeitig.

Diese Arbeit beschreibt ein mathematisches Modell sowie eine auf dem DWARF Frame-
work basierende Software Architektur, um Sensorfehler von Positions- und Orientierungs-
daten in Ubiquitous Tracking Systemen zu beschreiben. Mit Hilfe eines gaußschen Fehler-
modells können Fehler über mehrere Koordinatensystem-Transformationen propagiert wer-
den. Weiterhin wird ein auf Kalman Filtern basierender Ansatz mit getrennten Bewegungs-
modellen vorgestellt, um dynamische Sensorfusion, die Gleichzeitigkeit von Messungen,
Prädiktion, sowie das Schätzen von statischen Transformationen zu erreichen.



Abstract

Augmented reality is a technology that aims at combining real and virtual reality by in-
tegrating virtual objects into the user’s view of the real world. In order to place these aug-
mentations at the right locations, different tracking technologies are employed for finding
out where the user is and in what direction he is looking. This requires high accuracy, high
update rates and low delay to give a convincing impression.

Ubiquitous tracking is a new research project focused at dynamically integrating user-
worn and stationary tracking systems by combining the concepts of augmented reality and
ubiquitous computing in order to enable mobile wide-area augmented reality applications.

When many different and previously unknown tracking technologies are to be combined
dynamically at runtime, statistics about the sensor accuracy are necessary and all transfor-
mations of measurements require updating the associated error descriptions.

In order to allow automatic conversions between different coordinate systems, the prod-
uct of multiple tracker measurements can be computed. In heterogeneous tracking setups
however, measurements by different sensors generally are not made simultaneously and
therefore require pre-processing before such a combination is possible

This thesis proposes a mathematical model as well as a software architecture based on
the DWARF framework for describing sensor errors in position and orientation in Ubitrack
systems. Using a Gaussian error model, errors are propagated over multiple chained coordi-
nate system transformations. A Kalman filter-based approach with separate motion models
is described for dynamic sensor fusion, measurement simultaneity, prediction, as well as the
estimation of static transformations.
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1 Introduction

In this chapter, I would like to give a short introduction of the context of this diploma thesis
and explain its goals.

1.1 What is Augmented Reality?

Augmented reality (AR) is a technique for adding virtual objects to the user’s view of reality.
In classic AR systems, this is achieved using head-mounted displays (HMDs) which either
are transparent (optical see-through) or where the real world remains visible by showing the
images of a video-camera mounted on the display (video see-through). Other approaches
also use laptops or hand-held computers as see-through devices or projective technologies
[?]. Applications of AR range from navigation, where arrows point in the direction of the
destination, over maintenance with interactive manuals to medicine, giving doctors “X-ray
vision” by overlaying ultrasound or tomographic images onto the patient’s body.

According to Azuma et al. [?], an Augmented Reality system has the following character-
istics:

1. Combines real and virtual objects in a real environment

2. Interactive in real time

3. Registers (aligns) real and virtual objects with each other

The first criterion emphasizes that Augmented Reality adds virtual objects to the user’s view
of reality, which excludes CAVE environments where multiple people and objects can inter-
act in a purely virtual environment. The second item disqualifies movies like Jurassic Park,
that do not allow real-time interactions with the augmentation.

One of the biggest challenge in building Augmented Reality systems lies in the combina-
tion of points 2 and 3. In classical HMD-based AR setups, virtual objects (the augmenta-
tions) from the user’s point of view must appear at certain places in the real environment,
and therefore, the exact position and orientation of the user’s head has to be known. The in-
teractivity criterion requires that, as the user changes place, the augmentations stay at their
real-world location and thus, the new head position must be immediately recognized and a
new image has to be generated. This process of automatically determining position and ori-
entation – the pose – of moving objects is called tracking. Many different tracking technologies
exist, an overview is given in chapter 4.

1



1 Introduction

1.2 What is Ubiquitous Computing?

In Weiser’s vision [?] of future computer systems, today’s desktop or mobile devices which
require the user’s attention to perform their tasks are replaced by many invisible devices
embedded into the objects of every day’s life. These devices allow a much more natural con-
tact with computers than what is possible with the currently predominant WIMP metaphor
on bulky screens. An instance of the ubiquitous computing paradigm is the well-known
“intelligent building” where all kinds of devices, from garage doors over refrigerators to
telephones are networked and know about the current context as well as the user’s desires
and do things without requiring manual intervention.

An important component of the context in ubiquitous computing applications is the loca-
tion of users and things. To determine locations in ubicomp systems, usually a large number
of sensors is installed in the environment. However, these sensors typically are unuseable
for Augmented Reality, as they do not provide the necessary resolution (often, they only
sense “proximity” of two objects) and update rate.

1.3 Introduction to Ubiquitous Tracking

Note: This section was jointly written with Dagmar Beyer and Franz Strasser.

Augmented Reality is a natural interface to Ubiquitous Computing environments. How-
ever, classical AR applications are limited to the range of their tracking systems. When
they use wide-area trackers, the update rate and accuracy of the measurements are low and
quite often do not fulfill the requirements of AR. Moreover, they assume that sensors are
deployed statically in the area of interest and that these sensors are pre-calibrated off-line.
These drawbacks inhibit the development of mobile, large-scale, and dynamic systems as
they are found in Ubicomp. Every tracking method also suffers from various disadvantages
due to the employed technology.

Ubiquitous Tracking combines available tracking technologies from both ubiquitous com-
puting and augmented reality to one large sensor network. It provides unified APIs for ap-
plications and transparently delivers measurement results. The data is fused automatically
and dynamically from heterogeneous sources.

1.3.1 Motivation for Ubiquitous Tracking

Every tracking technology suffers from various disadvantages: inertial trackers provide high
update rate, but make only relative measurements and suffer from drift. Video-based camera
systems need lots of computing power for image processing and the accuracy along the line
of sight is rather low. Sensors also have a limited range where they can act. In contrast,
Ubiquitous Computing environments are typically large-scale with many sensors.

The weaknesses of the different technologies are compensated by using different sensors
at the same time. For example, camera-based methods can be paired with inertial tracker
to compensate the drift and provide a high update rate. By adding GPS one can even get a
global frame of reference.
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To extend the range of sensors or the provide higher accuracy, sensor fusion combines the
measurements of different trackers. You can combine stationary indoor tracking systems
with GPS in order to extend the operation range. Significant and pioneering work has be
done, amongst others, by Azuma [?], et al. (see related work 2.5). However, no attempt has
been made so far to automate the integration of sensors into large-scale sensor networks.

Classic AR applications use static tracking platforms designed exactly for that one pur-
pose. So reusing tracking components is hard to achieve. Therefore, Ubiquitous Tracking
also tries to abstract from tracking hardware by introducing a reusable, component-based
model of data flow and processing.

1.3.2 Goals of Ubiquitous Tracking

The goal is to obtain an optimal estimate of arbitrary geometric relationships and their accu-
racy at any time, for a user-specified definition of optimality. Such a tracker abstraction can
help applications handle the varying levels of tracker uncertainty that affect the registration
of virtual objects in 3D space.

The system itself is designed to allow dynamic cooperation between distinct and mobile
components. Changes in the infrastructure, i.e. adding new hardware or occurring failures,
are recognized whereupon the system tries to minimize the error or even to deliver better
results. The developer is shielded from these influences by a software layer which offers a
simple, efficient API to the developer.

1.3.3 Research Challenges

These goals however imply problems which have to be addressed:

1. The most obvious issue is the incompatibility between the output of different tracking
technologies. For example, one sensor sends its orientation information as rotation
matrix the other as Euler angles. One sensor delivers position and orientation whereas
the other only accelerations.

2. Tracker measurements vary in their accuracy. A generic error model has to be found
to specify all possible measurements errors which may occur.

3. All objects which should be 3D-registered in the application have to be modeled and
identified. If new objects are tracked, the model must be updated on the fly.

4. Since Ubiquitous Tracking abstracts from the hardware, it must deal with changes in
the infrastructure at runtime. If hardware fails, the application should not be aware of
that fact.

To address these issues a new project called Ubitrack was started.
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1.4 The Ubitrack Project

Note: This section was jointly written with Dagmar Beyer and Franz Strasser.

In the winter term 2003/04 the Augmented Reality group of the Applied Software Engi-
neering chair at the Department of Informatics, Technische Universität München offered
diploma theses on the topic Ubiquitous Tracking. Three students, Dagmar Beyer, Daniel
Pustka, and Franz Strasser started to work on an implementation of Ubiquitous Tracking.
The AR group in Munich and the Vienna University of Technology, Austria developed a for-
mal Ubiquitous Tracking model [?]. The new joint project between these universities was
named Ubitrack .

The overall purpose of the three diploma theses in Munich was to find an implementation
of Ubitrack which should be usable in Augmented Reality applications but should be based
on a distributed, decentralized Ubicomp architecture at the same time. In the following
months we developed a DWARF system model of Ubitrack , mapped it onto new and existing
components of DWARF, implemented a demo setup, and evaluated our own theses with this
demo. The detailed concept and models are explained in chapter 2.

1.4.1 Design Goals

To define the design goals and the API, a workshop was held from February, 6th till 8th 2004
at Erentrudisalm near Salzburg, Austria. The resulting design goals are:

Transparency Ubitrack should be framework which provides a device-independent query
mechanism for applications. So the framework should shield the application from the
tracking hardware as much as possible.

Scalability Since AR applications are enriched with concepts of Ubicomp, the desire for
large-scale tracking networks is growing. Such networks must be scalable in respect of
the size of available hardware and infrastructure because current intelligent environ-
ments may contain thousands of sensors.

Flexibility Ubitrack must be a very flexible framework with respect to changes in the in-
frastructure. New hardware should be easily integrated at runtime and changes in the
communication network should be considered.

1.4.2 Layered Architecture

Transparency is achieved by introducing a three layer architecture model. The application
is shielded from the hardware by introducing an intermediate Ubitrack layer (figure 1.1).
Between these layers there are defined APIs which allow the application and the hardware
to communicate with Ubitrack .

All parts of the application that want to communicate with Ubitrack lie in the application
layer. The Query API is the interface between the application and Ubitrack layers and defines
how queries have to be structured and how results are delivered.
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Figure 1.1: The three layer Ubitrack architecture model

In the hardware layer are all components which deliver positional information about ob-
jects. They range from sensors to databases where static relationships are stored, e.g. rela-
tionships between walls in a building. These low-level results are aggregated in the Ubitrack
layer and delivered according to the query to the application. The Sensor API defines how
low-level results are delivered to the Ubitrack layer.

1.5 Goal of the Thesis

All sensors used in Augmented Reality or ubiquitous computing systems make errors. These
are either caused conceptually (e.g. infrared beacons that can only detect proximity), by
manufacturing constraints (e.g. the maximum resolution of a camera) or through environ-
mental influences (e.g. magnetic fields or loud noise). As such kinds of errors cannot be
removed completely, a description (model) of these errors is required, especially in Ubitrack
systems, where arbitrary, previously unknown sensors are to be integrated.

Of course, it would be possible to ignore sensor errors and work with the “best” approxi-
mation returned by the tracker – in fact, this is done by many existing system. However, if
multiple tracker measurements are to be combined in a sensor fusion process, the accuracy
must be known in order to decide which measurement to trust more.

The goal of this thesis is the development of a uniform description of sensor errors and
the design of software components necessary for handling these errors in a DWARF-based
Ubitrack system.
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2 Ubiquitous Tracking and DWARF

This chapter explains the basic ideas of ubiquitous tracking and the DWARF middleware and
outlines the key concepts of a distributed Ubitrack implementation in DWARF.

2.1 Formal Framework

The purpose of this section is an explanation of the formal model which builds the theoretic
foundations of the ubiquitous tracking system.

2.1.1 Spatial Relationship Graph

Note: This section was jointly written with Dagmar Beyer and Franz Strasser.

Within an Augmented Reality environment, it is essential to maintain an awareness of its
occupating objects and their physical relationship to another. In addition it must be possi-
ble to configure the setup of the environment dynamically and to extend it easily. The goal
of the formal model discussed in this section is to provide a method to obtain optimal es-
timates of the spatial relationships between arbitrary objects within an Augmented Reality
environment. For this purpose an coherent, up-to-date spatial model of the environment is
essential.

A suitable data structure to store the spatial model is a directed graph. Nodes in this Spa-
tial Relationship Graph (SR Graph) represent locatable objects, which could be either active
sensors such as cameras or passive objects such as markers or other targets. The directed
edges represent the spatial relationships between two objects, i.e. the position and orien-
tation of the object represented by the target node relative to the object represented by the
source node.

Real Relationships

From a general point of view, for each pair of objects a spatial relationship can be determined
for each point in time. This spatial relationship can be expressed by a transformation of
the coordinate frame of the source object to the coordinate frame of the target object, for
example by using the computer graphics notation of a 4 × 4 homogeneous matrix, a 3D
translation vector and a quaternion, or any alternative representation. In the following, we
will represent the transformation by using a 4 × 4 homogeneous matrix. In figure 2.1 an
example for such a Spatial Relationship Graph is given containing three objects A, B, and C.

Defining an binary relation Ω on the object space N (in our example, N = {A,B,C}), each
element (X,Y ) ∈ Ω can be mapped onto a function wXY describing the transformation of
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A

CB

wAA(t)

wBB(t) wCC(t)

wAC(t)wAB(t)

wBA(t) wCA(t)

wBC(t)

wCB(t)

Figure 2.1: Spatial Relationship Graph according to relation Ω, showing the real spatial rela-
tionships between objects

the coordinate frame of X to the coordinate frame of Y over time. This attribution scheme is
called W.

W : (Ω = N ×N) → w, where w : Dt → R4×4 (2.1)

Each directed edge in our example Spatial Relationship Graph is annotated by a function w
that maps the time domain Dt onto the spatial relationship domain R4×4. In this complete
graph, all spatial relationships between arbitrary objects can be obtained at each point in
time.

Measured Relationships

Needless to say, that it is not possible to have such an omniscient view on the environment’s
underlying geometry as described above. So in real world, only estimates of spatial relation-
ships exist on the basis of measurements taken at a discrete point in time. The measurements
representing the real spatial relationships are corrupted by noise and systematic errors, de-
pending on the accuracy provided by the tracking devices. In order to take account for this
varying quality of the estimates, a set of attributes is added to each measurement, which
describes properties such as the standard deviation of the positional information or latency
between the actual measurement and the time this measurement is delivered. In section
2.1.2 a more detailed view on these attributes is given. In order to extend the formal model
to these further considerations, a relation Φ and an attribution scheme P is defined:

P : (Φ ⊆ N ×N) → p, where p : Dt → R4×4 ×A (2.2)

A directed edge between two objects X and Y exists only if measurements have been
taken. The function pXY maps each distinct point in time where such a measurement is
made to a homogeneous matrix representing the measured spatial relationship and a set of
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A

CB

pAB(t) pAC(t)

pBC(t)

Figure 2.2: Spatial Relationship Graph according to relation Φ, showing the measured spatial
relationships between objects

attributes describing the quality of this measurement. An example for a Spatial Relationship
Graph according to relation Φ is given in figure 2.2.

Assuming that in the example the geometric relation between A and B was measured
twice at time t1 and t2, this leads to two homogeneous matrices H1 and H2 with according
sets of attributes A1 and A2. Hence, function pAB is defined as:

pAB : {t1, t2} → R4×4 ×A
t1 7→ (H1,A1)
t2 7→ (H2,A2)

(2.3)

Inferred Relationships

This estimation of spatial relationships is in many ways insufficient. Due to the limited range
and the specific properties of tracking devices, it is not possible to provide information about
spatial relationships between all objects. As measurements are performed at discrete points
in time, it is also impossible to provide estimates of the spatial relationships continuously.
Therefore it is very unlikely, that an application’s request for a specific spatial relationship
can be fulfilled by the measured relationships. It becomes necessary to extend the knowledge
of the environment’s geometry by inferring new estimates for spatial relationships on the
basis of measured relationships. Accordingly the attributes describing the quality of the
inferred spatial relationships must be adjusted to reflect the loss of quality in respect to the
quality of measured relationships.

In order to provide positional information about objects at arbitrary points in time, inter-
polation or extrapolation functions can be used, or for a more accurate prediction Kalman
Filters. Inverse edges can be added to the Spatial Relationship Graph by inverting the mea-
sured relationships. Estimates of spatial relationships at the same point in time can be com-
bined along paths in the Spatial Relationship Graph in order to form the transitive closure of
the graph. Just as measured relationships are provided by different tracking software com-
ponents, each inferred relationship is provided by a new software component performing
this inference on the measured positional information. For a more detailed description of
these new software components, see section 2.1.3.
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2 Ubiquitous Tracking and DWARF

All these possible forms of inferring new spatial relationships lead to the final goal of
defining a binary relation Ψ that approximates the idealized relation Ω in real world:

Q : (Ψ ⊆ N ×N) → Q, where Q = {q ∈ Q | q : Dt → R4×4 ×A} (2.4)

Each element (X,Y ) ∈ Ψ is mapped onto a set of functions q′XY , which are describing specific
forms of inference.

A

CB

2ms 10ms

5ms

2ms 10ms

5ms

qAB(t) = pAB(t)m qAC(t) = pAC(t)m

qAB(t)e qAC(t)e

qBC(t) = pBC(t)m

qBC(t)e

Figure 2.3: Spatial Relationship Graph according to relation Ψ, containing measured rela-
tionships as well as inferred relationships.

In figure 2.3, the example Spatial Relationship Graph is shown, according to relation Ψ.
The originally measured relationships are now represented by the function qm, which is
identical to the function p in relation Φ. On basis of these measured relationships, new re-
lationships are inferred. Additional edges are inserted, annotated with function qe, which
represent the geometric information derived from extrapolation on basis of the measured
relationships. The quality of the estimated spatial relationships is indicated by a single at-
tribute, the latency of the measurement.

Assuming an application requests positional information about object C relative to object
C at time t = T , this request can be fulfilled with the estimated spatial relationship qe

AC(T ).
Alternatively a new edge could be added to the Spatial Relationship Graph, annotated with
function qf

AC(T ), which represents the combination of the estimates qe
AB(T ) and qe

BC(T ).

In order to choose an optimal estimate for the requested spatial relationship, the applica-
tion defines an evaluation function, that maps attributes on a real non-negative value. The
spatial relationship with the best result value is returned to the application as the result of
it’s query.

2.1.2 Attributes and Evaluation Function

Each edge in the spatial relationship graph provides, in addition to the actual measurement
values, attributes that describe the quality of the measurement. These attributes most impor-
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tantly serve as selection criteria when multiple paths fulfill an application’s request, but they
can also be used as a weight when multiple measurements are averaged or to adapt the user
interface of an AR application to the currently available tracking resolution, as demonstrated
by [?]. Examples of such quality attributes relevant for augmented reality are:

Latency describes the time (in seconds) between the actual measurement and the availabil-
ity of its result to the rest of the system.

Update frequency measured in 1/s, indicates the rate at which trackers make their mea-
surements.

Confidence value attributes are important for optical trackers that may misclassify video
images and detect non-existent features. A well suited range would be [0; 1], indicating
the probability that the identification is correct.

Pose accuracy determination is the major problem when developing a tracker abstraction
to integrate multiple trackers [?]. A simple approach is the use of Gaussian noise
models. The pose accuracy is then described by a covariance matrix which defines an
(hyper-)ellipsoid around the measured position in which the real position lies with a
probability of 68%.

Monetary cost per measurement may be significant in the design of tracking setups. The
tracking graph can incorporate all the trackers available on the market and then a suit-
able evaluation function can be evaluated for the desired relationships between objects.
The resulting optimal path consists of the trackers that should be installed.

Motion models are relevant when prediction has to be performed in order to compensate
sensor and rendering delays in augmented reality applications or when short sensor
dropouts have to be bridged. A motion model tells the Ubitrack system which deriva-
tions of the measurements to use for prediction, i.e. if the expected motion is constant
pose, constant velocity or constant acceleration. The motion model also describes how
much the motion may diverge from this simple model.

A special case of a motion model is one which tells the system that the measured re-
lationship between the two objects is static. In this case, the Ubitrack components will
assume that all measurements are infinitely valid and not perform any extrapolation
but use the value of the last measurement or an average over all measurements instead.

Although these attributes can be defined easily, it is often not trivial to obtain reason-
able values from specific trackers. Manufacturers of tracking hardware usually only provide
average or even best-case accuracy values in the documentation, but do not make such infor-
mation available in real-time for each measurement. In addition, when measurements are
transformed by inference or filter components, the quality attributes of the resulting edge
have to be adjusted accordingly.

Evaluation Functions

In some cases, an application’s query may result in multiple paths in the spatial relationship
graph that describe relationship between two objects. To resolve this, the developer of a
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Ubitrack application has to specify an evaluation function which is used to discriminate
between different solutions. An evaluation function takes as an argument a whole path,
evaluates the attributes along its edges and computes a scalar value that expresses how
well the solution suits the application’s need, with lower values meaning better solutions.
Equation 2.5 gives an example of an evaluation function that aims to tradeoff latency against
update rate.

et :=
∑

q∈path

lag(q) +
λ

rate(q)
(2.5)

λ determines the weighting of lag versus update rate. This example also shows that it is
possible to create evaluation functions that computes a value from the attributes of a single
edge and then sums them up along the path. In this case we can use well-known and efficient
search algorithms on weighted graphs, such as the algorithms of Dijkstra or Bellman-Ford
[?].

2.1.3 Data Flow Graphs

In order to compute a desired relation from a given path in the spatial relationship graph,
the Ubitrack middleware constructs a tree of components. Raw measurements are inserted
at the leaves by tracking services and propagated to the root, undergoing various transfor-
mations at each node. The root is formed by the application which receives the computed
measurements. The interior of the data flow graph consists of interpolators, extrapolators,
filter, inference and data fusion components. This concept of a data flow graph can easily
be mapped onto a network of DWARF services or OpenTracker nodes. An example of a data
flow graph is shown in figure 2.4.

qAC(t)app

Inference
component for

Application

qAB(t)m

Tracking
component for

qAB(t)e

Extrapolation
component for

qBC(t)m

Tracking
component for

qBC(t)e

Extrapolation
component for

Figure 2.4: Example data flow graph

A typical Ubitrack data flow graph consists of the following components:

Tracking components provide a stream of measurements, consisting of pose information
and the quality of the measurement. The measurements usually come from some track-
ing device such as an optical tracker. It is also possible to introduce previously recorded
or simulated data for algorithmic evaluation.
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Static components provide static measurements, e.g. from a database, consisting of pose
information and the quality of the measurement. This information may have been
derived from previous measurements, e.g. by averaging, or may have been entered
manually. Examples of static measurements occurring frequently in AR systems are
the relations between fixed markers on a wall or the offset between an HMD and an
attached camera for optical tracking.

Extrapolation, interpolation and filtering components take a stream of measurements,
perform some computation on it and insert the result back into the data flow graph.

Extrapolation and interpolation are of particular importance in a Ubitrack system.
When a new relation is computed by combining measurements along a path, this com-
putation only is valid when all measurements are taken at the same time. In inherently
heterogeneous Ubitrack systems, this however rarely is the case. Therefore interpola-
tion or extrapolation must be applied in order to compute measurements from the raw
sensor data, that are valid at the same moment. A popular tool for extrapolation is the
Kalman filter which also smoothes noisy data [?], [?].

Inference components are the heart of a Ubitrack system. They take two or more mea-
surements that correspond to the edges along a path in the spatial relationship graph
and compute the inferred relation from the beginning of the path to its end. As all of
the input measurements must be valid at the same moment, inference components in
the data flow graph are usually preceded by inter-/extrapolation components.

Fusion components take input measurements from at least two different sensors measur-
ing the same relation and compute a new combined measurement that ideally should
be better than each of the inputs alone. In the simplest case the measurements are
weighted by their error covariance. More complex sensor fusion setups can combine
sensors with different characteristics, e.g. an optical tracker that provides high preci-
sion measurements but suffers from high latency and casual dropouts with an inertial
tracker that drifts, but has low latency at a high update rate [?], [?].

Pose inversion components take a measurement as an input and compute the inverse re-
lation. When an application requests the relation between two targetsA andB that are
tracked by a single optical tracker T , providing the measurements A→ T and B → T ,
B → T has to be inverted before the requested relation A→ B can be computed by an
inference component.

2.2 DWARF

Note: This section was jointly written with Dagmar Beyer and Franz Strasser.

The Distributed Wearable Augmented Reality Framework (DWARF) is a component-based
framework which allows the rapid prototyping of AR applications. It was developed at the
Chair of Applied Software Engineering of the Technische Universität München (TUM) [?,
?]. The idea behind DWARF was that using distributed components on several machines
and connecting them in an ad-hoc manner will provide more flexibility when developing
new AR applications. By combining the aspects of Ubiquitous Computing and Augmented
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Reality concepts into DWARF it is possible to build a new AR system using already existing
components: e.g. a tracker or viewer components can be used not only by one application
but by several applications, sometime even simultaneously.

This section gives an small overview of the concepts of DWARF which are relevant for
Ubitrack. It focuses on introducing the high-level modeling concepts and communication
mechanisms.

2.2.1 Services

Applications implemented with DWARF use interdependent, collaborative services; compo-
nents which may be distributed over the network. Every service runs as discrete unit, mainly
as one process, on a network node. The whole application is formed by combination of ser-
vices which are in general very specific components and perform a certain task: they are the
units of DWARF.

Every service is described by its service description. These descriptions are stored in XML
files which are evaluated by a middleware component, the DWARF service manager (see
section 2.2.3). They contain all relevant information about the service, e.g. what features
are provided for others or what features are required. These relationship of dependence are
modeled by needs and abilities.

2.2.2 Needs and Abilities

The relationships between services, i.e. how to connect services together, is modeled by needs
and abilities. Abilities are features which are offered to other services. A need the expression
of a desire for an ability. The specification for a need or ability contain the following:

1. The name is an identifier to distinguish them

2. The type describes what kind of information is delivered or requested. Only when the
types of need and ability matches, the communication is established.

3. The connector protocol describes what communication mechanism is preferred (see be-
low).

Attributes

Abilities may specify attributes1 which are generic name-value pairs that may contain arbi-
trary information. Attributes normally ar high-level description about the certain additional
features or qualities of the ability. The attributes may be evaluated by the service itself to
adapt its behavior at runtime. But mostly they are used by needs to constrain the amount of
possible partners because needs can specify predicates.

1DWARF attributes are distinct from spatial relationship edge attributes described in section 2.1.2, although SR
graph edge attributes can be mapped onto DWARF attributes.
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Need Predicates

In cases where there are more than one ability which can satisfy a need, predicates restrict the
choice of possible partners. If it is declared in the need, the attributes of the potential partner
services are evaluated and only if the predicate matches the attribute settings, both will be
connected.

Connectors

Every need or ability has one or more connectors. For every communication method exist a
connector protocol that must be named in the description. DWARF service can currently use
four different communication methods.

CORBA remote method invocations can be used for inter-process and inter-network com-
munication. CORBA , the Common Object Request Broker Architecture, is a platfrom-
independent, object-oriented architecture and infrastructure standardized by the Ob-
ject Management Group (OMG) [?]. By using the Interface Definition Language
(IDL) the developer can define remote class interfaces which are called by remote
method invocations. The connector protocol for this type of communication is called
ObjrefExporter, because this services provides objects which can be imported on
the remote side. Thus the partner service uses the ObjrefImporter connector proto-
col.

CORBA notification service allows event-based communication between services. This is
the most common way of communication between services because it is an asyn-
chronous method. The information is packed into a CORBA structure and delivered
over an event channel. The data may be arbitrary however the receiving service must
correctly process the structure. In DWARF the type of the need/ability specifies what
data is stored in the CORBA event. The connector protocol for sending events is called
PushSupplier whereas receiving services use the PushConsumer connector proto-
col.

Shared memory The third communication method is shared memory. If the services are
on the same computer one can write the information in a POSIX shared memory block
from where the other can read it. DWARF only allocates the memory area and provides
mechanism for synchronization; the services must handle the concurrent access to the
blocks themselves. In contrast to the former mentioned ones, this method only use one
connector protocol, the Shmem protocol, on both ends of the communication.

By convention, when a service provides data it has an ability; if it requires data, it has
needs. However, this data flow direction if not coupled with the need-ability-relationship;
the direction is only modeled by the connectors. There are situations where it is sensible to
revert the communication direction. This is supported, since the connectors are independent
from needs or abilities.
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<<service>>
AbilityService

<<service>>
NeedService

<<service>>
AnotherNeedService

: DummyData
data=SomeData

: DummyData
data=OtherData

: DummyData
data=SomeData

Figure 2.5: This UML diagram shows an example session of three services. Two of them are
connected, one is not since the predicate did not match. The annotations in the
figure describe the individual UML notations.

IDL interfaces

The connectors describe the communication method, but how actually the interfaces look
like is specified in CORBA’s Interface Definition Language (IDL). IDL is an type description
language which allows to specify object-oriented class interfaces. Mappings of IDL exist for
several programming languages including C++, Java and Python. Every of the three avail-
able connector protocols use one or more IDL interfaces to implement the communication
method.

Any component using a specific protocol may implement an arbitrary IDL interface. How-
ever the remote end must know which interface may be called. This information is stored in
the ability type. Every interface is designed for a specific ability. So the remote end knows
what interface can be called since it has the same ability type.

UML Notation

Services and need-ability-relationships may be modeled by UML diagrams. They are used
to represent the system design of DWARF applications. The special DWARF notation extends
the normal UML by defining a new need-ability-relationship association. These diagrams
will be used throughout this thesis for representation of the DWARF models. Abilities are
drawn as filled circles attached by a line (similar to UML interfaces), needs on the other
hand are semi-circles. Both are attached by a UML dependency arrow. The need always
depends from the ability.

Figure 2.5 shows three example services. Only two of them are connected since the at-
tributes of one do not match the given predicate.

2.2.3 Middleware

The DWARF service manager allows the development of distributed DWARF applications. Ev-
ery service manager resides on a network node and dynamically finds all other managers in
the net. Every service manager knows its own local services by parsing the local XML ser-
vice descriptions. When a local service is started, it registers itself at the manager and become
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Figure 2.6: The example setup and its spatial relationship graph

active. If it has needs, the service manager tries to find a suitable service by requesting other
managers for potential partners. If a service is found both managers establish the desired
connectors and create a direct communication channel between the services.

If a service needs an ability and a corresponding service allows it, the service manager can
start the ability service on demand. This feature can be used to start whole service chains by
manually starting only one service.

2.3 An Example

Note: This section was jointly written with Dagmar Beyer and Franz Strasser.

This section introduces a simple example scenario which illustrates the the Ubitrack con-
cepts. This example is used to explain how the Ubitrack concepts are mapped onto DWARF

in the rest of this chapter. A stationary tracker combined with a mobile camera delivering
images to an optical tracker, effectively allows the system to “see around corners”. Figure 2.7
shows a camera tracked by an ART tracking system. Figure 2.6 shows both a schematic of
the hardware setup, and the corresponding Spatial Relationship Graph. A ceiling-mounted
projector P displays a pastoral landscape, populated by a sheep, on a table. The projector is
calibrated such that it shares the same coordinate system as the ART tracker A; therefore, a
static relationship exists between P and A. A mobile user is equipped with an ARToolkit [?]
camera C on which an ART target T is mounted, resulting in another static relationship de-
scribed by another edge in the graph. The camera is attached to a notebook with a wireless
network interface. The middleware is running on the lab computers and on the notebook.

When a user enters the room, the two Ubitrack systems connect, and the description of
an ARToolkit marker is transferred to the user’s notebook enabling the camera to track it.
As long as the marker remains in the view of the camera, and the ART target attached to
the camera is tracked by the ART system, then the virtual sheep can still be tracked in the
coordinate frame of the ART system, even if it is physically out of range. Consequently,
when the marker is moved the image of the sheep displayed by the projector can be seen to
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Figure 2.7: Picture of an example scenario implemented in DWARF

move accordingly. If the sheep is moved into a pen outside the range of the projector, it can
still be viewed using some other tracked or fixed display.

The combination of these two tracking technologies is not novel in and of itself; however,
this example focuses on the inference of spatial relationships and the resultant spontaneous
behavior of the system as it reacts by combining tracking sensors.

2.4 Modelling Ubitrack in DWARF

Note: This section was jointly written with Dagmar Beyer and Franz Strasser.

Based on the example scenario a suitable model for DWARF was developed. This model
takes the Ubitrack concepts and maps them onto existing DWARF techniques, resulting in
the integration of existing DWARF components with new ones. This section only introduces
the new key concepts. They are explained in the different diploma theses of the Ubitrack
project in more detail.

2.4.1 Sensor API

The Sensor API is the interface between the hardware and the Ubitrack layer, which all
services that control a sensor and deliver positional information have to implement. The
interface is mapped to an ability with type PoseData. Every measurement, i.e. every edge in
the Spatial Relationship Graph is mapped onto exactly one ability of such tracking services.
So every ability has a unique pair of source and target object identifiers, the corresponding
nodes of the edge. In DWARF, these identifiers are stored in attributes called UTSource and
UTTarget.

This ability delivers positional information in form of an IDL data structure of type Pose-
Data. This IDL structure contains the measurement values from the sensor hardware, i.e.
spatial measurements of objects in the frame of reference of the sensor. The PoseData fields
are described in more detail in chapter 7.

17



2 Ubiquitous Tracking and DWARF

2.4.2 Query API

Applications receive spatial information from the Ubitrack layer through the Query API. In
DWARF this is realized by a need of type PoseData. What information is desired depends
on the predicate of the need. Required predicates are UTSource and UTTarget. Given a
certain evaluation function, quality attributes can also be specified in the predicate which
restricts to tracking services with, for example, the given accuracy.

2.4.3 Query mechanisms

The connector of the need implies the delivery mechanism for the results. There are three
different query mechanism which work synchronously or asynchronously, with the push or
pull principle.

Asynchronous Push

This is the most common query mechanism in current DWARF application for PoseData. It
uses the CORBA notification service for sending PoseData events whenever a measurement is
possible. Depending on the sensor technology this can be in constant update rate or exactly
on recognition of a locatable. The PoseData ability uses a PushSupplier connector and
probably sets an attribute containing the update rate in Hz (1/s).

Every ability must implement the UTPoseDataAsyncPush IDL interface, which is a de-
rived interface of the SvcProtPushSupplier interface. Later is used in current DWARF

implementation as default interface for PushSupplier connectors. The use of a derived
interface in Ubitrack allows future extensions to the asynchronous push mechanism.

+setConsumer(in consumer : object(idl))

«interface»
SvcProtPushSupplier

«interface»
UTPoseDataAsyncPush

Figure 2.8: The UTPoseDataAsyncPush interface

Synchronous Pull

The synchronous pull is modeled by a remote method call, so it uses the ObjrefExporter
connector to offer its interface for the application. The IDL interface which must be im-
plemented for this pull mechanism is the UTPoseDataSyncPull interface. This interface
currently consists of only one method: getPoseData. The method gets an timestamp as
parameter and blocks the execution until a result is available.
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+getPoseData(in time : Timestamp) : PoseData

«interface»
UTPoseDataSyncPull

Figure 2.9: The UTPoseDataSyncPull interface

Asynchronous Pull

The most complex interface is the asynchronous pull interface: UTPoseDataAsyncPull.
It aggregates the SvcProtPushSupplier interfaces as well as its own method:
wantPoseData. This method takes a timestamp and returns immediately after schedul-
ing a PoseData event for the given time. When a PoseData event is available it is delivered
over the event channel.

+wantPoseData(in time : Timestamp)

«interface»
UTPoseDataAsyncPull

+setConsumer(in consumer : object(idl))

«interface»
SvcProtPushSupplier

Figure 2.10: The UTPoseDataAsyncPull interface

2.4.4 Ubitrack Middleware Agent

Note: This section was written by Dagmar Beyer and is a summary of her thesis [?].

The Ubitrack Middleware Agent (UMA) is a distributed middleware component. Allocated
in the Ubitrack Layer of the architecture model, it focuses on three aspects of the Ubitrack
concept:

• Aggregation of information about locatable objects and their geometric relationship to
build a distributed representation of the Spatial Relationship Graph.

• Aggregation of inferred spatial information between objects requested by applications
by executing a distributed path search in the Spatial Relationship Graph.

• Set up of data flow to provide the requested spatial information to an application.

Representation of the Spatial Relationship Graph

On each host in the network, a single UMA maintains a representation of the local Spatial
Relationship Graph. Edges in this graph are associated with the abilities of software ser-
vices to provide measurements of the according spatial relationships. These services have
a PoseData ability implementing the Sensor API. Attributes describing the quality of the
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estimated positional information are mapped on the ability attributes. In order to reflect the
infrequently changing quality of the estimates, these attributes have to adjusted in lengthy
interval.

In order to obtain information about spatial relationships, the UMA has to parse the ser-
vice descriptions of local services providing measurements of spatial relationships. There-
fore the UMA gets connected to the local service manager, which obtains all service descrip-
tions of locally running services. For initialization, the UMA polls the list of available service
descriptions, but after this the UMA receives notification messages from the service manager
whenever the properties of a locally running services change. The notification messages also
indicate the start up of new services and the shut down of already running services.

A first inference process can extend the knowledge of the spatial relationships by inverting
relations and adjusting the corresponding attributes. This leads to a set of inverse edges and
results in an undirected Spatial Relationship Graph.

Locatable objects can take part in multiple spatial relationships stored in different UMAs
in the network at the same time. UMAs storing spatial relationships to identical objects need
to interact in order to find optimal estimates of requested spatial relationships by performing
a distributed path search. A bidirectional event channel must be established between them
for passing messages during the search process. The UMA indicates for which objects it
requires connections to send and receive search messages by configuration of the according
needs and abilities in its own service description. The connection of matching needs and
abilities, and thereby neighboring UMAs, is done by the DWARF middleware.

This distributed representation of the Spatial Relationship Graph contributes to the sys-
tems scalability and flexibility. Centralized storage of the Spatial Relationship Graph or pro-
viding coherent copies at each host would lead to an immense communication overhead
and long response time to changes in the topology. In a distributed representation, the AR
system is easily to extend and mobile clients equipped with their own tracking setup and
running AR application can be integrated seamlessly.

Distributed Queries and Path Search

An application indicates an request for a specific spatial relationship by implementing the
Query API in a service need. By parsing the service description of the application, the local
UMA obtains information about the properties of this request.

The path search between the UMAs is implemented using a distributed asynchronous
Bellman-Ford algorithm [?]. In a first step, the path search is performed on the local sub-
graph. Even though a suitable estimate of the requested spatial relationship might be found
in the local subgraph, there is no certainty that this estimate is the optimal result to the ap-
plication’ s query. Therefore the path search must be extended to all adjacent UMAs.

Search requests are sent out containing following properties: a search identifier, the cur-
rent node visited during the path search (initially this is the source node), the target node,
and an evaluation function that computes edge weights from attribute sets. By evaluating
the attribute sets along the path from the source node to another node, a distance value is
obtained on which Bellman-Ford is based. This distance and the according path are stored
additionally. When a node is visited during a path search, the distance of this node from the
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source node is updated. When a search computes a new minimum distance between a node
and a source node, this new distance must be propagated to neighboring UMAs. Therefore
a participation identifier is stored additionally for each distance update that is sent out.

When a search event is received by the UMA, the distance associated with the current path
is compared with those from earlier participations. If the new distance is less than that of
former participations, the path search must be continued again from this node. The distance
from the current node to all other local nodes is updated by computing minimum-cost paths
and new search events are sent out for them to relevant UMAs.

If the distance is greater than that of the current node or the target node is found, an
acknowledgement message is sent back. Each time a UMA participates in a path search,
it must wait for acknowledgement messages or a timeout before sending acknowledgement
message back on the path towards the source node. After all search messages, sent out by the
UMAs containing the source node, have been acknowledged, the UMA chooses the over-all
minimum-cost path.

Set Up of Data Flow

After the path search results in an appropriate path, the UMA sets up new Data Flow Com-
ponents by configuring their service description according to the result path. The Data Flow
Components are started by the local service manager and connected to running tracking ser-
vices. They form the inner part of a data flow graph, combining measurements provided by
tracking services and delivering the inferred spatial data to the application.

2.4.5 Data Flow Components

In the DWARF Ubitrack implementation, all nodes of the data flow graph are realized by
distinct DWARF services. The root of this graph consists of the application, represented by a
service with a need for PoseData.

Leaf Components

At the leaves of the data flow graph are the tracking services which provide raw sensor
measurements. Tracking services usually send out a PoseData event as soon as a new mea-
surement is made using the asynchronous push protocol. When a component at a higher
level in the data flow graph requires measurements at arbitrary times, a Kalman filter com-
ponent has to be inserted for interpolation or extrapolation. The leaf components fall into
the following categories:

Trackers make real measurements of the relation between two objects. Available tracking
services include ART DTrack, Intersense and AR Toolkit. All of them were already
available, but we adapted them to send measurements in the new extended Ubitrack
PoseData format.
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StaticCalibration sends out a static measurements at a fixed interval. The value of the
measurement is determined by the Position, Orientation, Covariance and Confidence at-
tributes. The UTUpdateRate attribute specified the interval at which the measurement
is sent out. In addition to the asynchronous push protocol, the StaticCalibration service
also supports synchronous pull, as the static measurement is considered valid at all
times.

PoseDataPlayer service inserts previously recorded measurements into the data flow
graph. This is useful for offline data analysis or for algorithm evaluation where re-
peatability is extremely important in order to obtain comparable results. Sequences of
measurements can be recorded using the PoseDataLogger service.

Interior Components

The interior components in the data flow graph perform all the measurement transforma-
tions that are necessary in order to deliver inferred, fused and filtered measurements to the
application. Each data flow graph component is realized by a single DWARF service and
performs only a small part of the whole computation to allow reuse in more complicated
graphs.

The service descriptions are created by the UMA in response to an application query or
a change in the sensor topology. Service descriptions act as a configuration for the ser-
vices and make sure that the services connect to the respective partners in order to form
a given data flow graph. Interior services communicate with each other mainly using the
UTPoseDataSyncPull protocol. All interior data flow graph services run in a single pro-
cess space for higher system performance.

An in-depth discussion of the interior data flow components is found in chapter 7 of this
thesis.

2.4.6 Bootstrapping

Note: This section was written by Franz Strasser and is a summary of his thesis [?].

As already mentioned one design goal is flexibility. That means in our case that sensor
hardware should be integrated in flexible way. The big picture is the “on-the-fly integra-
tion” of devices and software components because the user of an AR application wants to
use his/her own tracking equipment in the Ubitrack environment. So we assume that the
user’s client system is mobile and that the client does not have any knowledge of its ambient
infrastructure: this includes the knowledge of the network infrastructure as well as available
Ubitrack systems.

Without loss of generality, the user’s set-up should exist of a mobile tracking system, a
locatable or both. The example scenario above uses an ARToolkit camera system as a mobile
tracker. The environment is the stationary counterpart of the mobile setup, i.e. either a locat-
able for the mobile tracking system or a stationary tracker for the user’s locatable. The local
client runs a Ubitrack system which is separated from the stationary one.
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Merging of the Spatial Relationship Graphs

Bootstrapping in the sense of Ubitrack means to merge two separated Spatial Relationship
Graphs to a larger one. This fusion is realized by finding spatial relations between the
two Ubitrack systems and add new edges between formerly separated Spatial Relationship
Graphs.

At the beginning the two local Ubitrack systems are separate from each other with their
own local Spatial Relationship Graph. When the two UMAs get in connection the infor-
mation about the hardware devices or locatables are exchanged and the devices are (re-
)configured. This exchange of configuration information allows the mobile camera to track
the locatables in the environment; or — the other way round — allows the stationary sensors
to track the mobile locatables. Currently, there are two different ways how to determine new
spatial relationships between seperated Ubitrack systems.

Exchanging Configuration

Every node in the Spatial Relationship Graph, i.e. locatables and sensors, may deliver hard-
ware descriptions. They contain information about the used hardware and are implemented as
DWARF services. Locatables may contain descriptions of their appearance, e.g. marker pat-
terns. Sensor may deliver settings for the services which compute the measurements, e.g. a
camera may deliver its intrinsic parameters. By exchanging these configuration information,
the sensors can detect new relationships between objects.

Motion Patterns

If no configuration is available, Ubitrack tries to find these new relationships by observing
the motion of objects. Currently, it conducts a frequency analysis of the speed and angular
velocity of objects. It compares the frequency spectra by the coherence function and deter-
mines a probability value for the similarity of the motion. If a certain threshold is exceeded,
the system may assume that a static relationship between two objects exists.

2.5 Related Work

VRPN [?] implements an abstraction layer for a wide range of virtual reality devices, includ-
ing trackers. It provides a network-transparent client-service interface with time stamps and
clock synchronization between multiple computers. Supported device types include posi-
tion and orientation sensors, buttons, dials, analog and force feedback devices. Layered
devices can be implemented in order to process data from multiple sensors. VRPN however
has no notion of different coordinate systems and transforms nor does it identify multiple
trackers and tracked objects.

OpenTracker [?] implements a “pipes & filters” dataflow model for processing of tracker
measurements. Source and sink objects set up connections to trackers and applications and
allow the transport of sensor data over the network. Filter nodes perform static and dynamic
coordinate system transformations or smooth measurements in order to remove noise.
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Many previous research projects deal with data fusion of different sensors in order to
improve tracking stability and accuracy in static sensor setups [?, ?, ?]. Hoff [?] also describes
a setup that combines measurements from fixed and user-worn optical trackers. However,
no attempt has been made to dynamically integrate arbitrary sensors.

The so far the most comparable results come from Höllerer, Hallaway et al. [?, ?]. They
describe a system that combines a high-resolution IS 600 tracker with wide-area infrared
beacon observations. When none of these trackers is available, the gaps are bridged by a
dead-reckoning technique using inertial orientation sensors, a pedometer and environmen-
tal knowledge. A Kalman filter is used to fuse measurements from all tracking systems.
However, the system is limited to this particular tracking configuration and a single user as
they do not have a software architecture to dynamically integrate arbitrary sensors and all
sensors must be calibrated to use the same coordinate system. The group also describes an
interesting approach for adapting the user interface of a personal navigation application to
the currently available tracking resolution.
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The previous chapter has given an introduction to the concepts of ubiquitous tracking and
its implementation using the DWARF framework. The purpose of this chapter is to explain
what kinds of tracking errors can occur in Ubitrack systems, to describe the goals of this
thesis and to outline the general approach how to reach these goals.

3.1 Classification of Error

In his survey [?], Azuma distinguishes between static and dynamic registration errors. Static
errors cause wrong registration even when no motion occurs in the scene. Dynamic error is
caused by caused by delays in the sensor and rendering pipeline which make the underlying
measurements obsolete at the time the final augmented image is presented to the user. This
thesis deals with how both static and dynamic errors can be reduced in Ubitrack systems.

3.1.1 Static Error

Azuma defines static errors as follows:

“Static errors are the ones that cause registration errors even when the user’s
viewpoint and the objects in the environment remain completely still.” [?]

Static errors can further be classified into static field distortion and random noise [?].

Static field distortion causes constant registration errors when even when neither the
HMD nor objects are moved. The reasons for static field distortion can be located in the
tracking system, in the processing of sensor measurements and in the display system.

Reasons for static field distortions caused by the tracking system depend on the under-
lying technology that is used. Optical systems usually use lenses that do not provide a
perfectly linear projection or the sensor may not be installed exactly orthogonal at the cen-
ter of the optical axis. The field of a magnetic tracker may be distorted by the presence of
other ferromagnetic objects and inertial orientation trackers suffer from drift which causes
the registration error to increase at an (ideally) constant speed.

Another source of error comes from incorrect processing of the sensor measurements. Be-
sides programming errors, which may be difficult to find, constant transformations, which
often are not exactly known, may be a frequent problem, especially in Ubitrack systems
which obtain most of their power from inferring measurements along a path in the Spatial
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Relationship Graph. In order to increase the tracking range by inferring from multiple sen-
sor measurements, the exact transformation between the tracker’s coordinate systems must
be known and errors made here can have big impacts on the registration accuracy.

The third important source of registration error in Augmented Reality applications is
caused by the HMD, especially for optical see-through techniques. Therefore the offset be-
tween the user’s eyes and the HMD’s display elements must be known, as errors made here
cause the registered image to appear in the wrong size and/or shifted. For stereo images,
also the distance between the eyes is important.

All these variations of static field distortion have in common that they are systematic and
reproducible and therefore can be eliminated by calibration. The general approach for cali-
bration is to compare the values that are produced by a tracker or a combination of multiple
trackers with the “true” values determined either manually or by some other high-accuracy
tracker of higher accuracy that serves as “ground truth”. From the difference between truth
and measurements, correction factors can be computed.

For optical trackers, a wealth of literature exists about camera calibration [?]. Most ap-
proaches use a special pattern of known dimensions which is held in front of the camera.
Using image processing techniques on the recorded image, the internal camera parameters
can be determined automatically. Magnetic trackers also can be calibrated by using lookup
tables that contain correction offsets for a number of points in the tracker’s working area [?].
Similar techniques can be applied to other tracking technologies.

In Ubitrack systems, HMD calibration cannot be done automatically and always requires
user intervention as there is no ways for the computer to know if the real and virtual ob-
jects are correctly aligned when seen from the user’s eyes. The calibration always requires
interactive techniques (e.g. [?]) and therefore we cannot reasonably perform the calibration
automatically in a Ubitrack system – besides storing the calibration result as an edge between
the HMD and the user.

In order to calibrate the transformation between two tracking systems, we can again either
measure the distance and orientation of the coordinate systems manually or use a special
tracking target that can be tracked by both systems. In the simplest case the transformation
between the coordinate system consists of a constant offset and a rotation, e.g. This problem
is covered in this thesis as it can be solved with the Ubitrack tools that will be developed.
Optical distortion and similar problems require more specialized algorithms and are consid-
ered future work.

Random noise or jitter is inevitable in any measurement system[?] and determines the
resolution that can at best be achieved with a tracker. As the noise is neither systematic nor
repeatable, it cannot be removed by calibration. Random noise or jitter is present even when
the measured value does not change and often increases with the distance from sensor to tar-
get. However, if the statistical error distribution is known or can by considered as Gaussian,
it is possible to correct the measurements by using statistical methods, e.g. least-squares or
Kalman filters. These noise-reduction techniques however work by averaging multiple mea-
surements and therefore result in loss of response to fast movements. If multiple sensors are
available with varying accuracies in different directions, also sensor fusion can be used to
reduce the random noise.
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3.1.2 Dynamic Error

“Dynamic errors are the ones that have no effect until either the viewpoint or the
objects begin moving.” [?]

Dynamic error is caused by delays introduced by slow trackers (sensor lag), expensive pro-
cessing of measurements, network transport and rendering. The sum of all delays in an
Augmented Reality system is called the end-to-end system delay and describes the time dif-
ference between the actual sensor measurement and time the rendered image appears on
the display. A measurement is at best valid at the instant the sample is taken by the sensor
and the accuracy degrades with time. Presenting the user an overlay image that is based
on “old” measurements cause the virtual image to lag behind the reality. In case of HMD
tracking it should be noted that the rotation of the user’s head may cause very rapid move-
ment of objects in the display, which is in fact the most prominent source of dynamic error
in Augmented Reality systems.

It is worth mentioning that dynamic errors mostly play a role in Augmented Reality ap-
plications of Ubitrack. In the classic ubiquitous computing scenarios, it is usually sufficient
to know the approximate location of objects, often only in a room granularity. Therefore all
motions are slow with respect to the required accuracy, and the system can be treated as
static.

In his SIGGRAPH course pack, Bishop [?] classifies dynamic error (delay-induced error)
into four different cases:

First-Order Dynamic Error is the most obvious dynamic error and is directly caused by
motion of the objects and the end-to-end delay. The amount of registration error, i.e. the
distance between the real and virtual objects, depends on both the speed of motion and the
total delay ∆t:

εdyn, x = ẋ∆t

As the measurements become older, the registration error generally increases linearly with
time. The visually observed lag may be acceptable where all motion is restricted to slow
speeds. Azuma [?] computes a visible error of 60mm for a typical 100ms delay and “mod-
erate” head rotation rate of 50 degrees per second for objects that are about an arm’s length
away from the observer’s head.

The Simultaneity Assumption plays a role when data from multiple sensors is collected
sequentially but processed as if it was produced simultaneously. This is particularly often
the case in Ubitrack systems, where geometric relations are inferred from measurements
made by multiple sensors.

Sensor Sample Rate also is a possible factor for dynamic error as it determines the type of
motion that can principally be detected by a sensor. Shannon’s sampling theorem states that
the sampling rate must be at least twice the bandwidth of the measured signal. Assuming
that arm or head motion has a bandwidth of 20Hz [?], the measurement rate should be
at least 40Hz. Any motion that has frequencies higher than half the sampling rate causes
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aliasing, i.e. higher frequencies are shifted into the low frequencies. This phenomenon is
probably best known from TV recordings of car wheels which appear to turn at a low rate
or even backwards although the car is going at a high speed.

Synchronization Delay occurs when the frequency at which a sensor produces measure-
ments is not exactly synchronized to the frequency at which this data is requested by the
receiver. In this case, the measurements have to be held in a buffer for a short amount of
time, which is called the synchronization delay. The duration of this delay depends on the
update rates and may not be constant, when the sensor update interval is not a divisor of
the receivers request interval.

Reduction of dynamic errors can be achieved by multiple techniques. The most impor-
tant step is to minimize the overall end-to-end system delay by using fast trackers, renderers
and network transports. Prediction, i.e. an extrapolation of sensor data into the future us-
ing a history of measurements, also has shown to improve the dynamic Augmented Reality
experience [?]. A classic tool for prediction is the Kalman filter, described in chapter 5.3. In
order to allow accurate prediction and to reduce the negative effects of the simultaneity as-
sumption, it is necessary to maintain accurate timestamps (in the order of milliseconds) and
to synchronize the clocks of all participating computers.

3.2 The Goals of This Thesis

The overall goal of this thesis is the reduction of both static and dynamic errors. For the static
ones, the main focus lies on the treatment of random noise. In fact, the original title of the
thesis was “Autocalibration in Ubiquitous Computing Environments”, i.e. the elimination
of systematic errors. However I soon found out that before this can be done, the underlying
problem of noise and dynamic error has to be solved, which provided sufficient work for
this thesis.

In order to reduce static and dynamic errors, it is necessary to reach the following sub-
goals:

3.2.1 Consistent Representation of Measurement Errors

The first goal of this thesis is the development of a model of measurement errors for the
Ubitrack framework, which should fulfill the following requirements:

Easy Comprehensibility The error representation should be easily understandable by
other developers of DWARF applications.

Efficient Computation The computations related to the error model should be able to run
in real time on a standard mobile computer while leaving sufficient resources to other Aug-
mented Reality tasks, like rendering and tracking.
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Consistent Propagation When measurements are transformed or chained, the single er-
rors must be consistently propagated to the resulting error distribution. In cases when mul-
tiple measurements are chained to infer new relations, errors in position and orientation are
each added together. Additionally, the rotational error of one measurement together with
the position of the other contributes to the final position error. Similarly, when a pose needs
to be inverted, the rotational error adds to the error in position. The error model chosen for
the Ubitrack framework must be able to reflect these conditions.

Error Interpretation over Time In addition to a description of the error of a single mea-
surement, instructions of how to interpret data as it becomes older is necessary. For instance,
a tracking service that delivers “measurements” of fixed relations, e.g. between rooms in a
building, does not need to have a high update rate. In this case, we can assume even rel-
atively old values to be still valid. On the other hand, if a camera on a user’s head stops
to deliver measurements when a tracked feature moves out of its field of view, we cannot
assume the user’s orientation to be still valid even after one second.

3.2.2 Measurement Simultaneity in Dynamic Systems

When chaining multiple measurements in order to infer new relations (“following a path”
in Ubitrack terms), it is important that all participating measurements were generated at
the same time, as otherwise dynamic errors, caused by “trust” in old measurements, may
accumulate and cause jerky movements of virtual objects in Augmented Reality applica-
tions. In quasi-static cases, where both the viewer and the viewed object are only allowed to
move slowly, these effects can be neglected, but for dynamic systems this can be fatal. The
general solution is to use interpolation and prediction techniques to compute simultaneous
measurements before combination.

The approach described in this thesis uses a single Kalman filter for each sensor to gener-
ate measurements at common point in time for all participating sensors. These are then used
to compute inferred measurements. When the inferred relation has different motion charac-
teristics than its partial measurements, an additional Kalman filter is used for the output.

An example for the measurement simultaneity problem and static relations can be seen
in our demo setup 2.3. When the AR Toolkit marker is fixed to the table, we can measure
its pose with respect to the ART tracker by combining the ART-to-Camera and AR- Toolkit-
To-Marker measurements. Because the AR Toolkit camera is freely moveable, both of these
measurements have dynamic characteristics, while the final ART-To-Marker relation has not.
Therefore an additional Kalman filter with a restricted motion model is employed to gener-
ate a final recursive least-squares estimation of the marker position.

3.2.3 Dynamic Sensor Fusion

In ubiquitous tracking setups it will frequently be the case that multiple sensors track the
same relation. The measurements however can have difference characteristics in accuracy,
update rate, lag, etc. or even measure different underlying physical quantities like abso-
lute position and orientation, acceleration or angular velocity. Previous works [?, ?, ?] have
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shown that it is often advantageous to fuse these different sensor readings together in order
to generate measurements of higher accuracy or update rate.

One goal of this thesis is the development of a software architecture that allows the dy-
namic construction of sensor fusion filters to take advantage of multiple redundant mea-
surements in complex Ubitrack setups.

3.2.4 Prediction

Previous research [?] has shown that dynamic registration errors in Augmented Reality ap-
plication, i.e. errors occurring when the user quickly moves his head, can be reduced by
using prediction techniques. The usual approach is to compute first or second-order deriva-
tions of position and orientation and use these to extrapolate the current pose into the future.

The prediction goal is tightly coupled to the measurement simultaneity problem men-
tioned before as guaranteeing the simultaneity of measurements frequently requires an ex-
trapolation of past sensor data.

3.2.5 Estimating Static Relationships

A special case of relationship between objects appears when two objects do not move relative
to each other. In Augmented Reality application this frequently is the case, e.g. when two
tracking cameras are installed in a room or when different tracking targets are attached to
an object. When enough redundant tracking measurements are available it is possible to
estimate this static relationship instead of having to measure it by hand.

This goal is closely related to the error model as in the case of static relationships all mea-
surements can be considered as the truth overlaid with noise. The solution to this problem
essentially is again the use of a Kalman filter together with a special motion model that
makes the Kalman filter an ordinary recursive least-squares estimator.

3.3 Overview of Related Work

A lot of work in these areas has already been done, especially on the prediction and sensor
fusion topics. However, to my knowledge, nobody has so far combined all these aspects into
a single system that allows the dynamic integration of sensors at runtime. The purpose of
this section is to give the reader a short overview of the most relevant related works from
the field of Augmented Reality. More detailed analyses of similarities and differences will
be discussed where appropriate in later chapters.

3.3.1 Azuma

In his 1995 Ph.D. thesis “Predictive Tracking for Augmented Reality” [?], Ronald Azuma de-
scribes a technique to improve dynamic registration in cases when the user quickly moves
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his HMD. His approach uses an extended Kalman filter to fuse data from vision, accelerome-
ters and angular velocity sensors in order to determine the HMD’s position, velocity, acceler-
ation, orientation and angular velocity. For eliminating the end-to-end delay introduced by
slow sensor measurements and the rendering process, these parameters are used to predict
a future position and orientation.

In contrast to my work, Azuma does not treat error covariances as actual measurement
errors, but rather as ordinary parameters of the Kalman filter that can be tuned in order to
yield the desired behavior of the prediction system. Also, a fixed sensor setup is used, while
this work aims at allowing the dynamic integration of all available sensors.

3.3.2 Hoff

In [?] William Hoff describes a setup to combine the measurements from an “inside-looking-
out” camera mounted on the user’s head with measurements of an external “outside-
looking-in” optical tracking system tracking both the HMD and the target object positions.
While the external tracker has a higher over-all resolution, the head-mounted camera has
the advantage of always looking in the same direction as the user, resulting in insensitivity
to the user’s orientation and a higher resolution perpendicular to the viewing direction.

The paper also describes a visualization of tracking errors and derives formulas for com-
puting the error distributions that result when multiple coordinate system transforms are
combined. Hoff however only considers quasi-static registration “where objects are station-
ary when viewed, but can freely be moved.”

3.3.3 SCAAT

The 1996 Ph.D. thesis “SCAAT: Incremental Tracking with Incomplete Information” [?] by
Gregory Welch describes a mathematical method of integrating incomplete measurements
of the user’s pose into a Kalman filter, allowing for sensor fusion, prediction and even simul-
taneous autocalibration. An application of the SCAAT algorithm to the UNC HiBall tracking
system is presented where single 2D camera measurements are integrated into a full 6DOF
pose estimate.

The SCAAT approach is in many ways similar to the one presented in this thesis. SCAAT
however does focus on more general mathematical methods, while I will also try to combine
this with software aspects of dynamic Kalman filter construction.

3.3.4 Höllerer, Hallaway

In [?] Hallaway, Höllerer and Feiner describe a mobile Augmented Reality system that is able
to move between the working areas of trackers of dramatically different accuracy. These in-
clude an IS 600 magnetic+inertial tracker, a GPS, infrared beacon sightings and – for “bridg-
ing the gaps” in between – a dead reckoning module, consisting of a pedometer, orientation
sensors and some environmental knowledge which prevents the system from assuming that
the uses passes a wall. All available measurements are fused together into a Kalman filter.
However, in contrast to the Ubitrack approach, this system does not dynamically integrate
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sensors at runtime, nor does it handle transformations between different coordinate frames
systematically.
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The goal of Augmented Reality is the perfect alignment of virtual and real objects. For this
process, usually called registration, the precise position and orientation of the user’s head
must be known at any time. This chapter gives an overview of commonly used tracking tech-
nologies and explains their advantages and drawbacks, as well as the dominating sources
of error. The goal of this chapter is an analysis of existing tracking technologies, which will
help in the following chapters, where a unified description of tracker measurements and an
error model is developed.

4.1 Evaluation Criteria

The following criteria are commonly used for evaluating different tracking technologies in
Augmented Reality systems:

Resolution is the smallest difference in position or orientation that can be measured by the
tracker.

Accuracy usually is lower than a tracker’s resolution. It means the expected absolute error
in measurements of a tracker which can be quantified by covariance or a Root-Mean-
Square (RMS) value. Accuracy is not necessarily homogenous throughout the entire
working area of a tracker.

Latency is the amount of time between the incidence of a measured physical fact and the
moment that the measurement result is made available to the rest of the system.

Update rate describes how many measurements a tracker can make in a given time.

Working area is the space where a tracker is able to make measurements. In an operation
room AR scenario a tracker only needs to track the patient and the surgeon’s HMD in
a small area around the operating table. However, architecture or factory maintenance
applications often require users to tracked inside or around large buildings. Sometimes
the working area also is restricted by requiring the tracked object to be within the line-
of-sight of one or more sensors.

Robustness against external influences which range from temperature, moisture or bright
sunlight in outside applications to electric and magnetic fields from engines in factories
or CRT screens in office environments. Also, if a tracker has insufficient mechanical
stability, it may have to be recalibrated frequently.

Obtrusiveness of a tracking system can be described by the size and weight of the tracker
and the targets, but also by the difficulty of installing or the visual appearance of
tracked features.
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Monetary cost always is a relevant criterion when deciding which technology to use.

In practice there exists no ideal tracking system and tradeoffs between these factors have
to be made. The following sections give an overview of many popular tracking technologies
and describe their advantages and drawbacks. Other overviews can be found in [?, ?, ?, ?].
There are many possible distinctions of tracking systems. The approach here lists trackers
by the underlying physical medium that is used for measurements.

4.2 Optical Trackers

Optical trackers usually use image processing techniques to locate features in images
recorded by an optical camera. Other systems also use lateral effect photo diodes [?, ?] or so-
called quad-cells in order to directly determine the location of light-emitting diodes (LEDs)
without expensive image recognition.

When three features with known positions on an object are detected by a single camera,
it is possible to determine the object’s position and orientation relative to the camera using
a closed-form solution. This 6-degree-of-freedom measurement from only three points is
possible as each point effectively provides two measurements in x and y direction. For
increased stability, most optical trackers however track more than three points and use a
least-squares-algorithm to solve this now over determined system. Standard least-squares
approaches are rather sensitive to outliers which frequently occur in feature detection, and
therefore a robust estimation technique such as RANSAC [?] can be used.

Many research tracking systems use high-contrast black and white [?, ?, ?, ?] or colored
[?, ?, ?] artificial targets placed at known locations in order to determine the position of the
camera. A promising approach is the detection of natural features that allow optical trackers
to work in unprepared environments [?].

Alternatively, active infrared LEDs that transmit an ID by blinking with a unique pattern
are used in the HiBall [?] and Northern Digital Optotrack systems. The ART DTrack system
uses passive retro-reflective targets which are illuminated by infrared flashes integrated into
the cameras. Infrared targets generally have the advantage that they can easily be detected
using optical filters which block all visible light.

Optical systems provide good resolution in the x and y directions orthogonal to the cam-
era’s viewing direction. Using sophisticated models of camera sensor elements, features can
be detected with an accuracy of up to 1

20 th pixel. In order to determine orientation or loca-
tion in z (the viewing) direction, the relative positions of at least three features have to be
utilized. In this computation, feature detection errors usually play a bigger role. Therefore
accuracy of z-position and orientation is generally lower. As a target moves further away
from the camera, the distance between its tracked features becomes smaller while the fea-
ture detection error stays constant. A solution to this problem is the use of multiple cameras
which track the same target simultaneously.

Another source of errors in optical trackers are optical distortions. They can be caused
by a wrong focal distance, or a sensor that is not exactly mounted at the center of the and
orthogonal to the optical axis of the lens. Also, wide-angle lenses frequently cause radial dis-
tortions that increase with the distance to the center of the image. These distortions however
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are systematic and can be compensated by careful camera calibration. A wealth of literature
exists about this topic with the classic algorithm being described in [?]. All serious optical
tracking system require calibration, either done by the manufacturer (e.g. ART) or by the
user (ARTk)

Inside-Out vs. Outside-In Tracking is a popular distinction of tracking systems used
in Augmented Reality applications, which mainly applies to optical tracking. Inside-Out
tracking refers to systems where the tracker is mounted on the user’s head and makes mea-
surements in almost the same coordinate system that is used to display information in the
HMD. The higher errors in orientation and z direction of virtual objects do not have as big
an effect on the user’s experience as the x and y positions.

An Outside-In tracker uses camera’s installed at fixed locations that track moving targets.
For displaying virtual objects in the user’s HMD, the HMD orientation must be determined
with high accuracy from multiple tracked features. As the orientation is derived from posi-
tion measurements, the accuracy in orientation is lower than that of the HMD position. This
drawback of external tracking systems can partly be compensated by using cameras that are
heavier and provide higher quality than those than can be carried by the user.

Advantages: When mounted on the user’s head, optical trackers provide excellent reso-
lution in the user’s viewing direction and working range is theoretically only limited by the
number of fiducials that the user can place or the number of natural features that can be
stored and recognized.

Drawbacks: Optical trackers have relatively high latencies, which is caused by the large
amounts of data that has to be transported from the camera into the computer’s memory
and by the time required for expensive image processing algorithms. Also, most trackers
require good lighting and the placement of artificial fiducials in the scene. Optical trackers
always require a clear sight between camera and feature.

Examples of commercially available optical trackers are the ART DTrack system, Northern
Digital’s Optotrack and 3rdTech’s HiBall tracker. Many research systems [?, ?] are based on
the freely available AR Toolkit [?]. A wider overview of commercial optical tracking system
systems and freely available tools can be found in [?].

4.3 Inertial

Inertial trackers are based on elementary physical laws of inertia which state that a force
must be exerted on a body in order to change its velocity or direction of motion. Therefore
they do not need any special tracking infrastructure in the environment as all measurements
are made in relation to the world. This section gives a short description of accelerome-
ters used for measuring linear accelerations and gyroscopes that measure angular velocities.
More detailed overviews of the underlying principles are given in [?, ?].
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Accelerometers can measure accelerations that act upon a body by gravity, changes in
velocity or rotation, if the accelerometer is not mounted at the center of rotation. Based on
Newton’s law F = ma, accelerometers do not measure acceleration directly, but the force
that is exerted on a known reference mass. When the reference body is attached to a spring,
a displacement between the housing and the mass can be observed that is proportional to
the acceleration. This displacement can be measured by a potentiometer that changes its re-
sistance as the wiper is moved. Analog Devices’ ADXL202 small-size two-axis acceleration
sensor uses capacitor plates mounted on both the sensor housing and a moveable silicone
body. The capacity increases as the distance between both plates is reduced. Another pos-
sibility for the construction of on-chip accelerometers is the use of piezoelectric sensors that
create an electric charge when under mechanical pressure.

The main problem when using accelerometers for tracking is that the measured acceler-
ations have to be integrated twice in order to obtain a relative position measurement and
therefore even small measurement errors accumulate quickly to big errors in position. This
can be observed as drift which cause the measured position to move away from an the real lo-
cation, even when the sensor is not moved. In addition to true accelerations, accelerometers
also measure static forces such as gravity or centrifugal forces which have to be subtracted
before integration.

Gyroscopes can be used to measure angular velocities and are based on the principle of
conservation of angular momentum. Gyroscopes in navigation use a heavy spinning mass
which, when torque is applied, starts rotating around the axis orthogonal to its rotation
axis and the axis of torque, a phenomenon which is called precession. When the motion
of the rotation axis is constrained by springs, the amount of torque can by determined by
measuring the displacement of the axis’ anchor.

An alternative used in modern avionics are laser gyroscopes. Light from a laser is split
into two rays that travel in different directions around the axis of rotation in an optical fiber.
At the end, the two rays are combined again, causing interference. As the whole device
rotates, the ray traveling in the direction of the rotation takes a shorter path, causing a phase
shift which results in a change of intensity of the combined signal that can be measured.

However both mechanical and laser gyroscopes are too big and expensive for augmented
reality applications. Small and light sensors that can be integrated into silicone chips exploit
the coriolis effect. Kuchling [?] defines the coriolis force as follows: “When a body is moving
in a rotating reference system radially to the inside or outside, its track speed is changing.
It is therefore experiencing tangential acceleration caused by the coriolis force.” The coriolis
effect is also responsible for weather phenomenons as the rotation of storms. In integrated
devices, the required motion is usually generated by oscillating a mass, e.g. a silicone tuning
fork. When the system is rotated around an axis perpendicular to the direction of oscillation,
the oscillating mass picks up an acceleration orthogonal to the rotation axis and the direction
of oscillation. This acceleration depends on the angular velocity of the system, but not on
the sensor’s position with respect to the center of rotation.

As gyroscopes only measure the angular velocity, the signal has to be integrated from a
known position in order to determine the absolute orientation. Therefore gyroscopic orien-
tation sensors also suffer from drift, but because the measurements are only integrated once,
the result is substantially better than what can be gained from accelerometers.

36



4 An Overview of Tracking Technologies

Advantages: Inertial sensors can be used anywhere as they are self-contained and there-
fore no special infrastructure is necessary. They offer good resolution at a low latency and
are relatively robust against external influences. Highly integrated silicone sensors are small,
light-weight and inexpensive.

Drawbacks: All inertial sensors only provide relative position and orientation measure-
ments. Integration from a known initial location is necessary in order to determine absolute
values, in which even small measurement errors accumulate and cause drift. Therefore in-
ertial trackers can only be in addition to absolute position/orientation sensors.

Examples of commercial inertial tracking systems are Ascension’s 3D Bird and Inter-
sense’s IS-300/600 and InterTrax trackers.

4.4 Acoustic

Acoustic trackers measure the time-of-flight of an acoustic signal (usually ultrasound at
about 40kHz) from a transmitter to a receiver and compute the traveled distance by mul-
tiplying the time by the speed of sound. This restricts the location of the receiver to lie on
a sphere around the transmitter. By using tree transmitters or receivers, the location can be
restricted to two points, one of which can usually be rejected due to known constraints, e.g.
when the transmitters/receivers are mounted on the ceiling. In order to compute a three-
dimensional position, either one receiver and three transmitters or one transmitter and three
receivers can be used, but the components with three instances must be located at fixed loca-
tions in the reference coordinate system. For full 6 degrees-of-freedom pose measurements,
three receivers and three transmitters are necessary. More details about acoustic tracking can
be found in [?].

Advantages: Acoustic systems can be relatively small and light-weight while providing
low-latency measurements at a good update rate. The necessary hardware components (ul-
trasound senders and receivers) are relatively inexpensive.

Drawbacks: Ultrasound trackers are restricted to working areas where transmitters or re-
ceivers are installed and they require a clear line-of-sight between them. Accuracy is in the
area of a few millimeters to centimeters, but tracking quality can be degraded by reflections
of sound waves from walls or other objects which cause the signal to arrive at the receiver
in multiple copies. Also, the speed of sound depends on temperature and air pressure and
cannot be treated as constant.

Examples of existing acoustic trackers are the Intersense IS-600/900 systems (sensing ori-
entation with an inertial system) or the AT&T Active Bat system [?], which uses ceiling-
mounted receivers and a user-worn sender that can be activated on demand by a RF sig-
nal in order to determine the location of people in a ubiquitous computing application. [?]
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demonstrates an inside-out acoustic system that is attached to the HMD and tracks targets
that the user carries in his hand.

4.5 Magnetic

Magnetic trackers use a sender with three orthogonal coils that are activated sequentially
with dc or low frequency ac currents in order to generate magnetic fields in the working area.
The receivers also have orthogonal triaxial coils in which a current is induced by magnetic
field of the sender. The orthogonal arrangement of the coils allow the receivers to determine
both strength and orientation of each of the field from the sender. Unlike the acoustic case,
the strength of the magnetic field does not directly indicate the distance to the receiver, as
the streamlines do not have a spherical, but rather odd shape. Three measurements from
each of the three source fields allow the receiver to determine a full 6 degrees-of-freedom
pose. [?] gives a more detailed description of the underlying principles.

As magnetic fields can pass through most materials, the receivers do not need to have a
clear line-of-sight to the sender. The field can, however, be distorted by the presence of any
ferromagnetic object near the tracker or by artificial magnetic fields e.g. from engines or CRT
screens.

A special case of a magnetic tracker is a compass that does not generate its own field,
but instead relies on the magnetic field of the earth. This allows the tracker to determine the
angle to the flux lines of the earth’s magnetic field, which pass horizontally from the south to
the north. A compass is often used together with GPS in simple outside navigation scenarios.
The problem with this approach is that the earth’s magnetic field is relatively weak and can
be distorted even by slightly ferromagnetic objects such as buildings and rocks and therefore
often yields unusable results in urban environments.

Advantages: Magnetic trackers have a high update rate, low latency and do not require a
clear line-of-sight between sender and receiver.

Drawbacks: Similarly to acoustic trackers, they need a special infrastructure for tracking.
Ferromagnetic objects or artificial magnetic fields from engines or CRT screens may seriously
distort measurements.

Examples of magnetic tracking devices are Polhemus’ FASTRAK, Ascension’s Flock of
Birds and Northern Digital’s Aurora. Virtual Realities’ VirtuaTrack does not generate its
own magnetic field, but uses the ambient field instead for orientation tracking.

4.6 Mechanical

Mechanical trackers usually consist of a number of angle and length sensors that are more or
less rigidly attached to the objects whose relation is to be measured. Although a mechanical
tracker was used in the pioneering HMD VR work by Sutherland [?] in 1968, the have most
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heavily been used for motion capture [?] where trackers range from whole body suits with
heavy exo-skeletons that measure the motions of all relevant body parts of an actor to gloves
that track the movements of all fingers. Angles and lengths can be measured by potentiome-
ters or optical sensors based on light-barriers. Newer products also use strain gages that
change their resistance when bent.

Advantages: Mechanical trackers give good accuracy, low latency, high update rates and
can also be combined with force feedback.

Drawbacks: They often are relatively bulky constructions that may seriously constrain the
freedom of the user.

4.7 GPS

The Global Positioning System (GPS) provides geographic location information from time-
of-flight measurements of electromagnetic signals sent by specially designed satellites. The
system consists of a control segment, a space segment and a user segment [?, ?]

The space segment is a network of 24 satellites (21 active + 3 spare) flying in high orbit
(about 19.000km) above the earth. The orbits are arranged such that every place on earth
with a clear view of the sky can always receive the signals of at least four satellites. Every
satellite contains multiple atomic clocks that allows it to stay synchronous with the global
GPS time. The space segment is monitored by the control segment, a network of 5 ground
stations that compute precise orbital data and clock corrections for each satellite. Each satel-
lite transmits the L1 signal at 1575MHz which is modulated by the 1MHz C/A-Code (Coarse
Acquisition), the 10MHz P-Code (Precise) and a 50Hz navigation message which contains
the current position of the satellite and a correction factor for satellite’s internal clock. The
C/A-Code is a pseudo-random sequence which repeats every 1023 bits (about one millisec-
ond). The P-Code is a very long (seven days) pseudo-random sequence that usually is en-
crypted to limit its access to specially-equipped authorized users.

GPS receivers (the user segment) internally compute the same pseudo-random sequence
and correlate it with the received signal in order to measure the time shift between the in-
ternal clock and the satellite’s signal. By multiplying the delay by the speed of light, the
distance to the satellite can be computed. This constrains the receiver’s position to intersect-
ing spheres around the known position of three satellites, using the measured distance as
the radius. However, as receivers typically only use a cheap oscillators which are not exactly
synchronous to the global GPS clock, the signal from a fourth satellite is needed in order to
compute both the three-dimensional position and the global GPS time simultaneously. Spe-
cially equipped users can utilize the encrypted P-Code in order to determine a more precise
correlation and additionally use the signal on the L2 frequency (1227.60 MHz) in order to
compensate for ionospheric delay.

The C/A-Code useable by civilian receivers provides an accuracy of about 100 meters
horizontally and 156 meters vertically at a correctness probability of 95%. In order to increase
accuracy, the differential GPS (DGPS) technique can be used. This requires the setup of a
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reference receiver at a fixed known location that transmits RF correction signals for each
satellite to surrounding receivers. Using DGPS it is possible to achieve accuracies of 1 to
10 meters, depending on the distance between mobile and reference receiver. Because of
this low precision, GPS in Augmented Reality is usually used outside for navigation or to
augment relatively distant objects.

Advantages: The Global Positioning System is available everywhere on the planet with-
out the need to install a special infrastructure – unless DGPS is used.

Drawbacks: GPS provides a very coarse resolution and low update rates. In order to make
measurements, it is necessary to maintain a clear line-of-sight to at least four satellites. There-
fore GPS generally can only be used outside and away from high buildings (urban canyons).

4.8 Other Techniques for Location Estimation

Most ubiquitous computing applications use substantially different techniques for estimat-
ing the location of the users. Unlike Augmented Reality, where the precise location and
orientation must always be known, location mostly is used to trigger events and change the
user’s context. Therefore the focus is on small, cheap sensors that can be installed in large
(usually indoors) environments. Because of their low precision and update rate, these sensor
reading cannot directly be used in Augmented Reality applications. However, as Ubitrack
aims at providing a unified location sensing framework for both Augmented Reality and
ubicomp, it is still worth looking at typical ubicomp techniques. A more comprehensive
overview of ubicomp location system can be found in [?].

Dead Reckoning Dead reckoning had been used in navigation before celestial techniques
came available at the end of the 15th century. It was also used by Columbus when he discov-
ered the new world, and his logs still cause dispute over where the first landfall was made.
The principle is simple: When starting from a known location, it is possible to determine the
current location if the direction and the covered distance is known. In classical sea naviga-
tion, the direction is determined using a compass and the traveled distance by measuring the
speed and multiplying it by the elapsed time. Every time the course is changed, the initial
location is set back to the currently assumed coordinates. The problem with this technique is
that errors in both direction and speed accumulate and the accuracy of the estimated location
degrades with time.

Dead reckoning is also used in car navigation systems (e.g. Alpine Nav-200) in order to
support GPS in situations where the satellite view is blocked by buildings, rocks or tunnels.
The direction usually comes from a compass and/or gyroscopes and the speed is taken from
sensors at the wheels. Odometry-based dead reckoning using wheel encoder also is the most
popular navigation technique in mobile robotics [?].

In order to apply dead reckoning to personal navigation, usually pedometers are used to
count the user’s steps and get an estimate of the step size [?, ?]. Pedometers consist of one or
more accelerometers which are attached to the foot or hip of the walking person where each
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step creates a characteristic acceleration pattern. For determination of walking direction, a
compass and/or gyroscopes can be used. In order to improve location estimation, environ-
mental knowledge about walls, furniture, etc. can be used to exclude impossible paths [?].

ID Tags Another technique mainly used in ubiquitous computing does not give precise lo-
cation information, but determines proximity of a sender and a receiver. When the receiver
is within range of the sender’s signal and one of the two is at a known position, the location
of the other can be restricted to lie in a certain area. An example of this are RFID tags [?]
which send a low-power radio signal to a closely located receiver. The tags can be powered
by a battery (active tags) or by induction of a magnetic field from the receiver (passive tags).
RFID tags are inexpensive and have recently become popular for contactless object identifi-
cation and security applications. The Active Badge [?] system consists of user-worn badges
that transmit a unique infrared ID signal every 10 seconds which is detected by network of
receivers at fixed locations. [?] uses strong infrared emitters whose ID signal is received by
ordinary Palm Pilot PDAs.

Wireless Networks In order to provide mobile telecommunication services and wireless
network access, a lot of infrastructure is already installed which can be exploited for loca-
tion estimation. For position in the large scale, cell phone-networks like GSM or UMTS are
suitable, and in office environments wireless LANs can be used. The infrastructure consists
of base stations at fixed locations which can be uniquely identified. Simple cell-based ap-
proaches work similar to ID tags. By receiving the signal of a particular base station with
known location, the receiving mobile device can be assumed to be near the base station.
More sophisticated approaches determine the total signal strength or the signal-to-noise-
ratio of multiple base stations. As the RF signal is severely weakened by walls and other
objects, it is not possible to determine the distance to the sender and compute the location
as an intersection of multiple spheres as in the acoustic or GPS cases. Microsoft research’s
RADAR [?] system uses floor maps and a signal propagation model to solve this problem.
Other projects [?, ?] use learning approaches. These can be divided into two phases: In the
offline training phase the signal strength of base stations is recorded at selected locations. In
the online location determination phase the recorded data is searched for the location that
matches best the currently measured signal strengths. Wireless network trackers can cover
a wide area and in many cases it is not necessary to set up a special infrastructure.

4.9 Hybrid Tracking

The previous sections have shown that there is no ideal tracker that provides low latency,
high update rate, unlimited range and good precision at a low price. Therefore one usually
has to decide which tracking technology fulfils best the requirements of a particular appli-
cation. However, it is possible to combine multiple tracking technologies to a hybrid tracker
such that the advantage of one technology can cover the drawbacks of another. A classic
head tracking example is the combination of inertial sensing with optical tracking in order
to get the high-resolution absolute positioning from the vision system and the high update

41



4 An Overview of Tracking Technologies

rate with a low lag from the inertial. The inertial system can also fill short tracking gaps
when optical tracker does not work, e.g. when no fiducials are visible.

Ubitrack systems also are inherently hybrid as new sensors can be dynamically integrated.
In this section I distinct the hybrid approaches by the level of integration between the differ-
ent tracking techniques.

Tightly Integrated Systems can improve the measurements of one sensor by integrating
measurements from another. An example is a vision system that gets updates from an iner-
tial angular velocity sensor [?, ?, ?]. The vision tracker can use this information to predict the
new position of a previously detected fiducial and limit the search area in the image, which
results in better tracking performance and higher robustness against wrongly detected fea-
tures. The systems described in [?, ?] describe integrate vision and magnetic tracking. [?]
uses GPS coordinates to compute the horizon silhouette from a digital elevation model of
the landscape and matches is against a recorded image in order to obtain the user’s orienta-
tion.

Sensor Fusion Systems combine measurements from multiple independent trackers in
order to obtain a better location estimate. In contrast to tightly integrated systems, this fu-
sion is done after the sensor measurements, and the single trackers do not profit from each
other. The classic tool for sensor fusion is the Kalman filter which is described later in chap-
ter 5.3. Examples of fusion of vision and inertial sensors can be found in [?, ?, ?]. [?] combines
head-mounted and fixed optical sensors in order to reduce the general optical weaknesses
along the line of sight and in rotation. Inclinometers (static acceleration sensors that measure
the direction of gravity) can be fused with a compass and gyroscopes to combat the drift of
the integration [?, ?]. [?] combines position and orientation measurements from three ultra-
sonic “Bats” [?] with rotational information from an inertial tracker. The commercial IS-900
product from Intersense also uses inertial position and orientation measurements together
with acoustic sensors.

Alternative Tracking Systems switch between multiple tracking technologies or use them
for different purposes, but do not try to combine measurements from multiple sensors in
order to get a better location estimate. I particularly also consider systems that use different
sources for position and orientation to be in this group. [?] uses a compass and inclinometers
for orientation and GPS for position. [?] also describes an outdoor system using GPS for
position determination and a sensor-fusion system for orientation measurements. Another
common application is the use of GPS for outdoor tracking and a vision system indoors [?]. A
later approach by the same group [?] uses the optical system only for position determination
inside buildings and takes the orientation completely from an IS-300 inertial system.
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For being able to describe measurements and errors in ubiquitous tracking systems, a few
basic mathematical methods are necessary. Representation of orientation, multidimensional
statistics and optimal estimation are or particular importance for this thesis and therefore
explained in this chapter. These mathematical basics will be used in the next chapter to
develop an error model for ubiquitous tracking system.

5.1 Representing Orientation

Orientation is an important part of tracker measurements, but there exist many different
ways to represent orientation. The orientation of a body is usually described by a rotation
that aligns the axes of the reference coordinate system with those of the body. Theoretically,
a rotation in 3D-space can be described using only three scalars. However, it can be proven
that it is impossible to map R3 onto SO(3), the group of rotation matrices of R3, without
singularities.

The ideal representation has as few elements as possible and should exhibit no singular-
ities or ambiguities that can become problematic in certain computations. Additionally, it
should have an approximately linear behavior for all values to allow the use of numerical
algorithms based on derivations. In Ubitrack frameworks, chaining of coordinate system
transforms along a path (inference) is an important operation. Therefore the rotation rep-
resentation should have efficient product and inversion operations. In order to compute
measurements at arbitrary times in a system with unsynchronized sensors, also a simple
interpolation of rotation sequences is needed. Finally, as the rotation describes a coordi-
nate system transform, it should be possible to rotate vectors without having to change the
representation.

5.1.1 Matrices

The matrix representation is the most commonly used in computer graphics. A 3 × 3 ma-
trix can be used to represent rotation and scaling operations. By extending the coordinate
system to four-dimensional homogeneous coordinates where vectors representing positions
have a 1 in the fourth entry. A 4 × 4 homogeneous matrix can be used to represent transla-
tion, rotation, scaling and even perspective projection, which are the most important vector
operations in a rendering pipeline. All the elementary operations can be combined by ma-
trix multiplication, allowing the efficient traversal of a whole scene graph using a matrix
stack that combines all operation from the root to the leaves. A useful property of the ma-
trix representation is that the columns can be interpreted as the direction of the transformed
coordinate axes in the source coordinate system.
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Advantages: A 3× 3 rotation matrix (or the upper left submatrix of a 4× 4 homogeneous
matrix) always has a determinant of 1 and is orthogonal, which allows efficient inversion by
matrix transposition. The product of multiple rotations can easily be computed by matrix
multiplication, and the rotation of a vector simply is a matrix-vector product. The matrix
representation is free from singularities and unambiguous as each orientation can only be
represented by a single rotation matrix.

Drawbacks: By having 9 elements, rotation matrices are a relatively heavy representation
and the product is computationally expensive (27 multiplications). Also the direct inter-
polation is not possible as addition or subtraction of matrices almost certainly results in a
non-rotation matrix

5.1.2 Euler Angles

Euler angles are the most simple and probably also most intuitive representation of ori-
entation. A rotation in 3D can be expressed as three successive rotations around different
coordinate axes. A particular instance of Euler angles is the Yaw-Pitch-Roll representation.
The three rotations can be represented by the following rotation matrices [?]:

Rotation ψ about z axis (Roll), R1 =

 cosψ sinψ 0
− sinψ cosψ 0

0 0 1


Rotation θ about y axis (Yaw), R2 =

 cos θ 0 − sin θ
0 1 0

sin θ 0 cos θ


Rotation φ about x axis (Pitch), R3 =

 1 0 0
0 cosφ sinφ
0 − sinφ cosφ


The product of the three matrices which can express arbitrary rotations in 3D-space can be
written as:

R = R3R2R1

R =

 cosψ cos θ sinψ cos θ − sin θ
sinφ cosψ sin θ − cosφ sinψ cosφ cosψ + sinφ sinψ sin θ sinφ cos θ
cosφ cosψ sin θ + sinφ sinψ cosφ sinψ sin θ − sinφ cosψ cosφ cos θ


As all angles wrap around at 2π, φ and ψ usually are restricted to the interval ] − π;π]

and θ to ] − π/2;π/2]. A particular problem with Euler angle representations occurs when
θ = π/2. In this cases any value of φ can be compensated by choosing a different ψ and the
representation of rotation is effectively reduced to the two dimensions θ and (φ − ψ). This
phenomenon is often called Gimbal Lock .

Advantages: Euler angles provide a simple and easy to understand representation of ori-
entation with a minimal number of elements. Unlike matrices, every Euler angle combina-
tion does represent a rotation and we cannot fall out of the space of rotations.
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Drawbacks: Angles cannot be represented unambiguously using Euler angles and gimbal
lock may cause problems in certain computations (e.g. interpolation) and require explicit
treatment by the programmer. Computing the product of multiple rotations or applying the
rotation to a vector is not directly possible and interpolation of Euler angles does not result
in nice looking rotation as each of the angles is treated independently.

5.1.3 Quaternions

Quaternions were introduced into the domain of computer graphics by Ken Shoemake [?]
and have been used extensively in the field of animation and kinematics.

This section gives a rather informal introduction in quaternion representation and some
elementary operations. Formal proofs for can be found in [?, ?]. Quaternions historically
were developed as a generalization of complex numbers in three dimensions. They consist
of a scalar (real) and a vector (imaginary) part and can be written in several ways:

q ≡ ix+ jy + kz + w , w, x, y, z ∈ R
≡ [x, y, z, w] , w, x, y, z ∈ R
≡ [v, s] , s ∈ R,v ∈ R3

Basic Quaternion Algebra

For addition and subtraction, quaternions can be treated like ordinary vectors:

q1 + q2 = [x1 + x2, y1 + y2, z1 + z2, w1 + w2] = [v1 + v2, s1 + s2] (5.1)

Multiplication can be derived from the i-j-k-notation by using the rules i2 = j2 = k2 =
−1, ij = −ji = k, jk = −kj = i and ki = −ik = j, which were defined by Hamilton, the
inventor of quaternions. In the scalar-vector form this can be written as

q1 ⊗ q2 = [v1 × v2 + s1v2 + s2v1, s1s2 − v1 · v2] (5.2)

where · and × denote the standard scalar and vector products in R3. Like matrix multiplica-
tion, the quaternion product is associative, distributes across addition, but is generally not
commutative.

Similar to complex numbers, quaternions also can be conjugated. This is defined by negat-
ing the vector part:

q∗ = [−x,−y,−z, w] = [−v, s] (5.3)

For multiplication of conjugated quaternions, the following formula applies:

(p⊗ q)∗ = q∗ ⊗ p∗ (5.4)

Also of interest is the quaternion norm,N(q), which is a scalar quaternion (having a vector
part of 0), and is defined identically to the Euclidean norm of a general vector:

N(q) = ‖q‖ =
√
x2 + y2 + z2 + w2 =

√
q⊗ q∗ =

√
q∗ ⊗ q (5.5)
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Using conjugation and norm, the inverse of a quaternion can be computed as

q−1 =
q∗

N(q)2
(5.6)

Quaternions of norm N(q) = 1 are normalized and called unit quaternions. In this case, the
inverse q−1 of q is q∗

Representing Rotation with Quaternions

In order to describe rotation, only unit quaternions (‖q‖ = 1) are used, which means that all
valid rotation quaternions lie on a four-dimensional hyper sphere. If we express a rotation
by an angle θ and an axis v where v is a 3D unit vector, then the corresponding rotation
quaternion can be constructed as

qθ,v = [sin(
1
2
θ)v, cos(

1
2
θ)] (5.7)

This gives quaternions the intuitive meaning that the vector part always points in the di-
rection of the rotation axis and the scalar is the cosine of 1

2θ. The identity rotation with
θ = 0 is represented by the quaternion [0, 0, 0, 1], a 90 degree rotation about the x axis by

[
√

1
2 , 0, 0,

√
1
2 ] and so on. Now also the conjugation which inverts the rotation has an intu-

itive meaning in that it simply changes the direction of the rotation axis. As with matrices,
multiple consecutive rotations can be expressed by the quaternion product.

Application of rotations to vectors also is easy with quaternions. By converting the vector
x to a vector quaternion x̃ where the scalar part is 0, we can express the rotated vector as

x̃′ = q⊗ x̃⊗ q∗ (5.8)

It can be proven that this always results in another vector quaternion.

Unfortunately the quaternion representation is not completely unambiguous, as each ro-
tation can be expressed by two different quaternions. In other words, q = [x, y, z, w] and
−q = [−x,−y,−z,−w] represent the same rotation and one has to be careful to always
choose the closest quaternion when analyzing sequences of rotations or performing interpo-
lation.

Numerical algorithms that work on derivations in a small neighborhood around a fixed
point usually work well with quaternions as the curvature of the hyper sphere is small.
However, each step usually moves the quaternion off the unit sphere and therefore the algo-
rithms have have be be extended to include frequent renormalization.

Interpolating Quaternions

Quaternions have shown to be well-suited for interpolation between two given rotations.
The simplest approach is linear interpolation of the four quaternion components indepen-
dently (Lerp):

Lerp(p,q, h) = p(1− h) + qh (5.9)
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As this causes the interpolated quaternion to move through the inside of the unit hyper
sphere, the output has to be normalized after each step. This results in a motion that always
takes the shortest path between the two orientations, however, the angular velocity is not
constant and increases to the center.

In order to correct this, the spherical linear interpolation (Slerp) was developed, which
keeps the resulting quaternion on a great arc on the unit sphere while maintaining constant
angular velocity. Slerp can be expressed by the following formula:

Slerp(p,q, h) = p⊗ (p∗ ⊗ q)h (5.10)

Three other equivalent formulations of the Slerp algorithm are possible [?]. (p∗ ⊗ q) effec-
tively expresses a difference quaternion that has to be multiplied to p in order to reach q.
As this difference is increased from (p∗ ⊗ q)0, which results in the identity quaternion, to
(p∗ ⊗ q)1, the output quaternion smoothly travels from p to q on the unit sphere. An al-
ternative formulation of the Slerp algorithm avoids the quaternion exponentiation, which I
have not yet defined, by adding correction factors to the Lerp method:

θ = arccos(p · q)

Slerp(p,q, h) =
p sin((1− h)θ) + q sin(hθ)

sin θ
(5.11)

As θ is derived from the dot-product of p and q, it represents the angle between the two
quaternion in 4D-space. This expression however has an undefined result when p = ±q.

Similarly to the Slerp interpolation between two rotations, spherical Bézier curves can be
defined for smooth interpolation of longer orientation sequences [?, ?].

Advantages: Quaternions are well-suited for the representation of rotations as they are
free from singularities, numerically well-conditioned and typical Ubitrack operations a in-
version, product and interpolation can be performed easily. Also, direct rotation of vectors
is possible.

Drawbacks: The fact that q and −q represent the same rotation requires some attention in
the analysis of rotation sequences and numerical algorithms have to be designed carefully
in order to avoid “falling off” the unit hyper sphere.

5.1.4 Exponential Maps

Exponential maps are another method for representing rotations using three scalar elements.
They map a vector in R3 to a corresponding rotation, which can be represented either by a
unit quaternion or a rotation matrix. A rotation quaternion can be computed from a vector
v using the following series expansion [?]:

qv = ev =
∞∑

n=0

(
1
2
ṽ)n, v ∈ R3 (5.12)
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where ṽ is the vector quaternion produced from v by setting the scalar part to 0, and 1
2 ṽ is

raised to the power using standard quaternion multiplication. Fortunately, it is not necessary
to explicitly compute this power series, as a simpler version of the quaternion exponential
map exists:

qv = ev = [
cos(1

2 |v|)
|v|

v, cos(
1
2
|v|)] (5.13)

In order to generate a rotation matrix with the exponential map, three generator matrices
are used [?]:

G1 =

 0 0 −1
0 1 0
0 0 0

 G2 =

 0 0 1
0 0 0
−1 0 0

 G3 =

 0 −1 0
1 0 0
0 0 0


The final rotation matrix is created from v by weighting the three generator matrices with
the entries of the vector and computing an infinite power series expansion:

G = v1G1 + v2G2 + v3G3

M = eG =
∞∑

n=0

1
n!
Gn (5.14)

From equation 5.13 an intuitive meaning of the vector v can be derived. Similar to quater-
nions, the direction of the vector points in the direction of the rotation axis. The angle of
rotation however is determined by the length of the vector.

The conversion from a vector to a quaternion defined by the exponential map in fact is an
exponentiation of a vector quaternion. The inverse operation, the log map, can be defined
as:

v = log q =
2 cos−1 qw
|qv|

qv (5.15)

where qw and qv are the scalar and vector parts of the quaternion q. In many cases it is tempt-
ing to assume that the property ab = log a + log b known from scalar algebra also holds for
quaternions, but this generally isn’t true, as quaternion multiplication is not commutative.

Every representation of rotation in R3 must exhibit singularities. In case of exponential
maps, these are all vectors of length |v| = 2kπ, k = 1, 2, 3, . . . , as a rotation of 2π around any
axis is equivalent to no rotation at all [?]. However, because the direction of rotation can be
changed by inverting v, all rotations can be expressed by vectors |v| ≤ π, which are far away
from any singularity.

Advantages: Like Euler angles, exponential map representations have small state vector
with only three elements and therefore there is no danger of falling off a meaningful sub-
space, but the singularities can be avoided more easily than with Euler angles. Linear inter-
polation often gives results that are close to what can by obtained by the Slerp algorithm.

Drawbacks: Like all representations in R3, also the exponential map has singularities and
there is no simple form for the product of multiple rotations and the rotation of vectors.
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5.2 Representing Uncertainty

The value of a measurement by itself doesn’t tell us anything about its quality. However,
knowing the quality is important when we wish to make decisions based on it, e.g. by
weighting multiple measurements, adapting the user interface to different resolutions [?] or
by simply ignoring bad sensor readings. By describing measurements as random variables,
we can express how precise a measurement is, and what other values can be considered with
a certain probability. Using error propagation methods, we can also compute the errors that
result when measurements are transformed or combined.

5.2.1 Multi-Dimensional Random Variables

Although it is somewhat basic, I included this section into my thesis, because the standard
math courses taught in computer science at TU München (HM 1/2, DS 1/2) do not address
statistics with multi-dimensional random variables. I do, however, assume that the reader
is familiar with scalar random variables and probability distributions. For a more detailed
introduction including complete derivations and proofs, I refer to [?, ?].

But why is it important to treat multi-dimensional measurements different from scalar
ones? After all, one could simply describe each measurement dimension as a distinct ran-
dom variable. The reason is that using multi-dimensional error distributions, we can include
additional information about dependencies between the dimensions. Consider an optical
tracker that delivers three dimensional measurements, where the z values are derived from
multiple x and y positions. If we know how the position in z depends on x and y, and we
have an additional tracker that measures the z dimension with a higher resolution, the this
knowledge can be used to further increase not only the z, but also the x and y values.

Probability distribution functions in scalar statistics give the probability that the value of
a random variable is less than a value x:

F (x) := P (X < x) (5.16)

This can be generalized to multiple dimensions and is called Joint Probability Distribution
Function:

F (x1, . . . , xn) := P (X1 < x1 ∧ · · · ∧Xn < xn) (5.17)

Similarly to the scalar probability distribution function, the vectorial one is monotonically
increasing for each dimension and has the following special values:

F (−∞, . . . ,−∞) = 0
F (+∞, . . . ,+∞) = 1

F (x1, . . . , xi−1,−∞, xi+1, . . . , xn) = 0

When one dimension is set to +∞, it disappears from the density function and the remainder
is called Marginal Probability Distribution. This is illustrated for the two-dimensional case:

F (x1,+∞) = P (X1 < x1) = F1(x1) (5.18)
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Probability density functions for scalar random variables are defined to be the derivation
of the distribution function:

f(x) :=
d

dx
F (x) (5.19)

The same holds for the n-dimensional case:

f(x1, . . . , xn) :=
∂n

∂x1 . . . ∂xn
F (x1, . . . , xn) (5.20)

Because the density function is the derivative of a monotonic function, f(x1, . . . , xn) always
is above or equal to 0. The improper integral over the whole density function must always
be 1:

+∞∫
−∞

+∞∫
−∞

f(x1, . . . , xn) dx1 . . . dxn = F (+∞, . . . ,+∞) = 1 (5.21)

Using the density function, the probability of rectangular areas can be computed by integra-
tion:

P (l1 ≤ x1 < u1, . . . , ln ≤ xn < un) =
∫ u1

l1

. . .

∫ un

ln

f(x1, . . . , xn) dx1 . . . dxn (5.22)

Expectation indicates the mean of the random variable, which in the scalar case is com-
puted by weighting each possible value with the corresponding value of the probability
density function:

µ = E[X] =

+∞∫
−∞

xf(x) dx (5.23)

For vectorial random variables, E[X] = µ also is a vector with

µi = E[Xi] =

+∞∫
−∞

. . .

+∞∫
−∞

xif(x1, . . . , xn) dx1 . . . dxn (5.24)

Variance of scalar random variables is a measure for how much the variable is expected to
diverge from its expectation µ:

Var[X] = E[(X − E[X])2] =

+∞∫
−∞

(x− µ)2f(x) dx = E[X2]− E[X]2 (5.25)

The root of the variance σ =
√

Var[X] is called Standard Deviation and has the advantage of
having the same unit as the random variable itself.

In case of multiple scalar random variables, besides the variance, also the covariance
Cov[Xi, Xj ] can be computed, which gives an indication about how much the two variables
correlate:

Cov[Xi, Xj ] = E[(Xi − E[Xi])(Xj − E[Xj ])] = E[XiXj ]− E[Xi]E[Xj ]

=

+∞∫
−∞

+∞∫
−∞

(xi − µi)(xj − µj)f(xi, xj) dxidxj (5.26)
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A special case is Cov[Xi, Xi], which is the same as the normal variance Var[Xi]. The covari-
ance can be normalized, yielding the correlation coefficient ρ:

ρ =
Cov[Xi, Xj ]√
Var[Xi]Var[Xj ]

(5.27)

The correlation coefficient always is in the interval−1 ≤ ρ ≤ 1. If ρ = 0, Xi andXj are called
uncorrelated; a value of ρ = ±1 implies linear dependency.

For two vectorial random variables X and Y of dimensions n and m, the covariances
between the single entries of X and Y can be combined into a n×m cross covariance matrix ,
where Cov[X,Y ]i,j = Cov[Xi, Yj ]. Using vector arithmetic, this can be expressed as:

Cov[X,Y ] = E[(X − E[X])(Y − E[Y ])T ] = E[XY T ]− E[X]E[Y ]T (5.28)

When X = Y , this matrix is called the covariance matrix of X :

Cov[X] = E[(X − E[X])(X − E[X])T ] = E[XXT ]− E[X]E[X]T

=


Var[X1] Cov[X1, X2] · · · Cov[X1, Xn]

Cov[X2, X1] Var[X2] · · · Cov[X2, Xn]
...

...
. . .

...
Cov[Xn, X1] Cov[Xn, X2] · · · Var[Xn]

 (5.29)

The covariance matrix is always square and symmetric, as Cov[Xi, Xj ] = Cov[Xj , Xi], and
the diagonal contains the variances of the single entries Cov[X]ii = Var[Xi].

5.2.2 Normal Distributions

The normal distribution, often called Gaussian distribution, is of particular importance in
most areas of statistics. This is because the central limit theorem states that under certain,
but rather general, circumstances, the sum of arbitrarily distributed random variables tends
towards the normal distribution, as the number of variables approaches infinity [?, ?]. This is
relevant for dealing with sensor errors, because usually there are many independent sources
of error which contribute the overall measurement error. Therefore, we can justify describing
measurement errors using a normal distribution.

A scalar random variable has a normal distribution X ∼ N(µ, σ2), if it has a density
function of

f(x) =
1√
2πσ

e−
(x−µ)2

2σ2 where−∞ < x <∞ (5.30)

One can prove that
∫ +∞
−∞ f(x)dx = 1. The density function is symmetric around the expecta-

tion µ. The probability, that a normally distributed random variable is in the interval µ ± σ
is 68.3%, µ± 2σ is 95.4% and µ± 3σ is 99.7%.

An n-dimensional random variable X is normally distributed X ∼ N(µ,Σ), if its density
function is:

f(x) =
1√

(2π)ndetΣ
e−

1
2
(x−µ)T Σ−1(x−µ) where−∞ < x <∞ (5.31)
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It can be proven that µ is the expectation as defined above, and Σ is the covariance matrix.
For a more intuitive understanding of eq. 5.31, Σ−1 can be decomposed into Σ−1 = AAT ,
because a covariance matrix and its inverse always is symmetric and positive definite. By
substituting the power term in the equation with −1/2(ATy)T (ATy), we see that the vector
x is offset by the expectation µ, rotated and scaled by the matrix AT , before the squared
distance from the center is computed by the scalar product. To this distance the scalar normal
distribution (eq. 5.30) is applied.

Interpretation of Covariance

As we have seen, the covariance matrix effectively describes a scaling and a rotation of space.
When looking at points of constant distance to the origin, these also are transformed from a
(hyper-)sphere to an arbitrarily oriented ellipsoid. On such an ellipsoid all points of constant
probability are located.

In order to compute the ellipsoid, the covariance matrix can be decomposed into its eigen-
values and eigenvectors. The eigenvectors give the directions of the principal axes and the
associated eigenvalues determine the variance in that direction.

5.2.3 Error Propagation

Many operations in the Ubitrack dataflow involve transforming and combining measure-
ments. In every step of the computation, also the error statistics in form of covariance matri-
ces must be adapted. It should be intuitively clear, that a rotation of a measurement with a
high uncertainty along one axis will also cause this axis to point in a different direction.

Linear transformations are the most basic computations that can be performed on mul-
tivariate random variables. The following equations show how expectation and covariance
of a random variable X of size n are changed by applying a transformation of the form
Y = AX + b, where A is a n× n matrix and b a n-vector.

In order to compute the new expectation of the transformed variable, the following equa-
tion holds (proof in [?]):

E[Y ] = E[AX + b] = AE[X] + b (5.32)

Based on this formula, we can also compute the transformed covariance matrix as

Cov[Y ] = Cov[AX + b] = ACov[X]AT (5.33)

The proof of eq. 5.33 is simple: Cov[Y ] = E[(Y −E[Y ])(Y −E[Y ])T ] = E[(AX+b−AE[X]−
b)(AX + b−AE[X]− b)T ] = AE[(X − E[X])(X − E[X])T ]AT = ACov[X]AT

Non-linear transformations can be arbitrary transformations Y = f(X) where both X
and Y are vectorial random variables.

In order to transform the expectation, the formula E[Y ] = f(E[X]) generally does not
hold for non-linear functions f . However, it often serves as a good approximation, if X is
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concentrated in a small area around its expectation, and f(X) is approximately linear in this
area.

For computing the transformed covariance matrix, f(X) is linearized using the multi-
dimensional Taylor expansion:

f(x) = f(x0 + ∆x) = f(x0) +
∂f
∂x

∣∣∣∣
x=x0

∆x + . . . (5.34)

where ∂f
∂x is the Jacobian matrix, which can be considered as the first derivation of a vector-

valued function. A Jacobian contains the partial derivatives of all outputs with respect to all
inputs: (

∂f
∂x

)
i,j

=
∂fi(x)
∂xj

(5.35)

Now we can rewrite the non-linear transformation to

y = y0 + ∆y = f(x0 + ∆x) ≈ f(x0) + J∆x

where x0 = E[X],y0 = E[Y ],∆x ∼ N(0,Cov[X]) and ∆y ∼ N(0,Cov[Y ]). Applying eq.
5.33 yields the transformed covariance matrix:

Cov[Y ] = Cov[f(X)] = J Cov[X]JT (5.36)

where J = ∂f
∂x

∣∣
x=E[X]

. This equation only holds in a small area around the expectation, but
usually this is not a problem, as the error can be considered small compared to the random
variable.

Combining random variables can be seen as a special case of non-linear transformations,
where multiple random variables are combined into one. A frequent Ubitrack example is the
chaining of measurements along a path. The combination can be expressed as a function of
multiple random variables Y = f(X1, . . . , Xn), where each Xi has an associated covariance
matrix Ci. By assuming independence between all Xi, we can combine these into a single
random variable X ′ with covariance C ′:

X ′ = (XT
1 , . . . , X

T
n )T , C ′ =

 C0 0
. . .

0 Cn


Now the non-linear error propagation formula from the previous section can be applied,
resulting in a new covariance matrix CY = J C ′ JT . The Jacobian J usually is non-square,
having fewer rows than columns. Using this and the information about the zero entries in
the combined covariance matrix C ′, a more efficient expression for CY can be derived:

CY = J1C1 J
T
1 + · · ·+ JnCn J

T
n (5.37)

where each Ji = ∂f(X1,...,Xn)
∂Xi

is the Jacobian of f with respect to the random variable Xi.
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The unscented transform [?] provides a tool for transforming expectations, covariances
and higher-order moments of random variables when the function is highly non-linear or
even discontinuous in the relevant area. This is obtained by choosing a number of strategi-
cally placed sample points that have the same distribution as the random variable. These
sample points are then transformed by the function f and the relevant properties (expecta-
tion, covariance, etc.) are computed from the transformed samples. The unscented trans-
form differs from Monte Carlo methods, such as particle filters, in that it does not select the
sample points randomly and therefore a smaller sample is sufficient.

5.2.4 Optimal Estimation

The goal of optimal estimation is to determine a vector of n parameters x from an m-vector
z of noisy measurements. The measurements z do not necessarily describe the parameters
directly, but may be a function of x instead. An example of this is an optical tracker, where
the 6D-pose is not directly measured, but the 2D-positions of multiple features, which can be
described as a function of position and orientation. If the relation between x and z is linear,
we can describe the measurement process as

z = Hx + v, v ∼ N(0, R) (5.38)

where H is an m × n matrix that describes how the measurements relate to the parameters
and v is a vector of measurement errors. v is not directly known, but assumed to have a
Gaussian distribution with an expectation of 0 and a covariance matrix ofR. The distribution
of v effectively describes the accuracy of the measurements.

In general m > n, i.e. there are more measurements than parameters and equation 5.38
is over determined and therefore in general has no solution. The usual approach is to de-
termine an estimation x̂ of the parameters which minimizes the quadratic distance between
the estimate and the measurements:

(z−Hx̂)T (z−Hx̂) = Min! (5.39)

This approach is usually called Least-Squares Estimation. In order to find the x̂, which min-
imizes equation 5.39, the derivation (Jacobian) is computed and set to zero. This results in
the following estimate of the parameters:

x̂ = (HTH)−1HTz (5.40)

The expression (HTH)−1HT is also known as the Moore-Penrose Inverse or Pseudoinverse H+.
The usual least-squares approach however gives equal weight to all measurements and
therefore does not honor the knowledge about the measurement accuracy, which is avail-
able in form of the covariance matrix R. We can integrate the known accuracies and modify
the cost function by weighting the measurements with the inverse of the covariance matrix,
which leads to the Weighted Least-Squares problem:

(z−Hx̂)TR−1(z−Hx̂) = Min! (5.41)

This results in the following parameter estimate:

x̂ = (HTR−1H)−1HTR−1z (5.42)
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A more detailed derivation can be found in [?]. If we want to know how accurate the estimate
is, we can compute its covariance matrix P = E[(x̂−x)(x̂−x)T ] using the following formula:

P = (HTR−1H)−1 (5.43)

Alternatively, we can derive equation 5.42 by treating the problem as a probabilistic one
where we wish to find the point of Maximum Likelihood in a Gaussian probability distribu-
tion. Therefore the parameters of the density function have to be optimized such that the
probability of the measurement z becomes maximal. The measurement probability can be
treated as a conditional one p(z|x) [?]:

p(z|x) =
1√

(2π)mdetR
e−

1
2
(z−Hx)T R−1(z−Hx) (5.44)

In order to maximize this expression, the exponent has to be minimized. We can see that up
to a constant factor, this is the same as minimizing the weighted least-squares cost function
5.41 and therefore the result must be equation 5.42.

Recursive Estimation

In practical parameter estimation situations, there often isn’t a single big measurement, but
the input data is derived from multiple independent measurements. These may come from
multiple sensors and/or from multiple measurements taken at different points in time. In-
stead of combining these measurements and performing one single parameter estimation,
we wish to integrate the measurements one-by-one into our estimate of the parameter vec-
tor. This has the advantage of better computational efficiency, as the necessary parameter
vectors and matrices remain small. Also, intermediate results can be obtained before all
measurements are done. This derivation of the recursive estimation formula roughly follow
the one by [?].

In order to derive the recursive parameter estimation formula, the measurement z is split
up into two independent measurements zk−1 and zk:

H =
∣∣∣∣ Hk−1

Hk

∣∣∣∣ , z =
∣∣∣∣ zk−1

zk

∣∣∣∣ and R =
∣∣∣∣ Rk−1 0

0 Rk

∣∣∣∣
Inserting this into equation 5.42 and exploiting the zero entries in R results in the following
estimate:

x̂ = (HT
k−1R

−1
k−1Hk−1 +HT

k R
−1
k Hk)−1(HT

k−1R
−1
k−1zk−1 +HT

k R
−1
k zk) (5.45)

In order to create a recursive form of the optimal estimation, we insert the previous estimate
x̂k−1 with covariance Pk−1 as the first part of the measurement:

zk−1 = x̂k−1, Hk−1 = I and Rk−1 = Pk−1

This leads to the following new estimate:

x̂k = (P−1
k−1 +HT

k R
−1
k Hk)−1(P−1

k−1x̂k−1 +HT
k R

−1
k zk) (5.46)
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The equation can be reformulated to (see [?] for a full derivation)

x̂k = x̂k−1 +Kk(zk −Hkx̂k−1) (5.47)

where
Kk = Pk−1H

T
k (HkPk−1H

T
k +Rk)−1

The difference (zk − Hkx̂k−1) is called the measurement innovation or residual [?], which
reflects the difference between the actual measurement zk and the expected one Hkx̂k−1.
The matrix K determines the amount by which the innovation is integrated into the final
estimate. An alternative derivation of the matrix K is obtained by minimizing the trace of
the covariance matrix Pk of the estimate [?].

The covariance of the new estimate is computed by

Pk = (I −KkHk)Pk−1 (5.48)

5.3 Kalman Filters

Until now we have considered estimation in the static case in which all elements of the pa-
rameter vector are constant. This would already allow us to compute positions and orienta-
tions in a motionless Ubitrack system, where measurements are overlaid by Gaussian noise.
In general, the parameters to be estimated (position, orientation, velocity, etc.) however do
vary with time as users change place or move objects and therefore the previously devel-
oped methods cannot be applied directly, as multiple consecutive measurements usually do
not relate to the same system state. In order to allow estimation of parameters from mul-
tiple measurements in a dynamic system without completely discarding information from
previous sensor readings, the kalman filter was developed.

5.3.1 Linear Dynamic Systems

First we need a general way to describe dynamic systems. We assume that the state vector x(t)
completely describes all relevant quantities of the system state at any time. If the location of
a moving object is to be determined, the state vector usually includes position, velocity and
higher-order derivations which is sufficient to describe the positions in a small time interval
around t. When the motion is linear, changes of the state vector in time can be described
using a first-order vector-matrix differential equation [?]:

ẋ(t) = F (t)x(t) + L(t)u(t) +G(t)w(t) (5.49)

The vector u(t) is a deterministic control input, which describes external, but known influ-
ences on the state vector, such as the position of the steering wheel which affects the orien-
tation of a car. w(t) describes the process noise which summarizes all unknown influences
and is usually modeled as a random variable with a zero-mean distribution. The matrices
F (t), G(t) and I(t) determine how state vector, process noise and control input affect the
derivation.
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Usually, we are not interested in the state vector at all times, but only at discrete points in
time. This allows a simplification of the above model:

xk+1 = Akxk +Bkuk + Ckwk (5.50)

Now the transition matrix Ak describes how the state transforms from time tk to time tk+1.

As in the static estimation problem, it is often impossible to measure the whole state vector
directly, as each sensor actually measures only a function of the state:

zk = Hkxk + vk (5.51)

The measurement matrixHk describes how the measurement relates to the state vector and the
vector vk is a statistically distributed measurement noise which is added to the measurement.

In order to allow the determination of all state vector elements, the transition and mea-
surement matrices Ak and Hk need to fulfill certain conditions, which are explained in more
detail in [?]. In general, it is not necessary to measure each element of the state vector directly,
but it may suffice, if the transition matrixAk describes the interrelations between the directly
and indirectly measured quantities. For computing a hypothetical Ubitrackstate vector con-
sisting of position and velocity, it is sufficient to measure position at two distinct times if
the transition matrix describes how velocity influences position. If all state vector elements
can be determined directly or indirectly by measurements, the system is called completely
observable.

For the Kalman filter, both the process noise vector w and the measurement noise vector
v are assumed to have a zero-mean Gaussian distribution:

w ∼ N(0, Q), v ∼ N(0, R)

We also assume that the process noise w has the same dimension as the state vector and
therefore we can set Ck = I in the system model. Furthermore, for ideal Kalman filtering
conditions, each of the w and v vector must behave like white noise, i.e. it must be uncorre-
lated over time. This condition however cannot be met in real systems, as uncorrelated noise
would mean infinite energy, but the white noise assumption often yields sufficient results.

Summarizing this section, the dynamic system whose state vector xk is to be estimated by
the linear discrete-time Kalman filter using measurements zk, can be characterized by the
following two equations:

xk+1 = Akxk +Bkuk + wk, w ∼ N(0, Q)
zk = Hkxk + vk, v ∼ N(0, R)

5.3.2 Linear Kalman Filter

A linear Kalman filter integrates all measurements in the order they are made. Each inte-
gration is done in two steps according to the predictor-corrector principle . In the time up-
date step (predictor), the state vector is advanced to the time of the measurement using the
known equations of the linear dynamic system. The measurement step (corrector) integrates
the measurement into the predicted state vector using the standard optimal estimation tech-
nique for static quantities. The internal state of the Kalman filter consists of the estimated
state vector x̂ of the dynamic system and its associated covariance matrix Pk.
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The time update step computes an a priori estimate x̂−k+1 from the current estimate x̂k by
advancing (predicting) the state vector to the time of the measurement zk+1. This is done
by computing the state transition formula 5.50 for time-discrete linear systems. The filter’s
covariance matrix is updated using the error propagation formula 5.33. This leads to the
following equations of the time update step:

x̂−k+1 = Akx̂k +Bu (5.52)

P−k+1 = AkPkA
T
k +Qk (5.53)

The process noise vector wk does not show up in these equations, but only its covariance
matrix Qk, because wk is assumed to have a zero-mean Gaussian distribution.

The measurement update step integrates a new measurement into the a priori estimate
of the state vector x̂−k from the time update step using the recursive optimal estimation for-
mulas 5.47 and 5.48. The result is the a posteriori estimate x̂.

Kk = P−k H
T
k (HkP

−
k H

T
k +Rk)−1 (5.54)

x̂k = x̂−k +Kk(zk −Hkx̂−k ) (5.55)
Pk = (I −KkHk)P−k (5.56)

5.3.3 Extended Kalman Filter

In real systems we often find that the time update or measurement equations are non-linear,
especially when rotation is involved. A Kalman Filter that can handle such situations by
linearizing around the current estimate of the state vector is called Extended Kalman Filter.
The linearization is done in the same fashion as in the error propagations section 5.2.3 by
computing Jacobians of the non-linear functions. Due to this linearization, the extended
Kalman filter does not always provide an optimal estimation, but rather an approximation,
where the quality depends on the condition of the problem.

In a non-linear dynamic system, both the state transition and the measurements may be
described not only by matrices, but by arbitrary functions:

xk+1 = f(xk,uk,wk) (5.57)
zk = h(xk,vk) (5.58)

Because the noise vectors wk and vk are unknown, we will assume a zero-mean Gaussian
distribution and set the vectors to zero, when f or h must be evaluated in subsequent equa-
tions.

The time update step of the Extended Kalman Filter, which projects the current state and
the associated covariance matrix into the future, now has the following form:

x̂−k+1 = f(x̂k,uk, 0) (5.59)

P−k+1 = AkPkA
T
k +WkQkW

T
k (5.60)
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As for the linear case, Qk is the covariance matrix of the process noise wk. The Jacobian
matrices Ak and Wk are partial derivatives of the time update function f , evaluated at the
current estimate of the state vector x̂k:

Ak =
∂f

∂x
(x̂k,uk, 0), Wk =

∂f

∂w
(x̂k,uk, 0)

The measurement update step of the Extended Kalman Filter has the following form:

Kk = P−k H
T
k (HkP

−
k H

T
k + VkRkV

T
k )−1 (5.61)

x̂k = x̂−k +K(zk − h(x̂−k , 0)) (5.62)
Pk = (I −KkHk)P−k (5.63)

where Hk and Vk are Jacobians of the measurement function h, evaluated at the predicted a
priori state estimate x̂−k :

Hk =
∂h

∂x
(x̂−k , 0), Wk =

∂f

∂w
(x̂−k , 0)

5.3.4 Choice of Model Parameters

So far I have explained the mathematical basics of the (extended) Kalman filter. However, it
is still not intuitively clear how to set the various parameters involved.

State Vectors must hold all parameters that we are interested in observing, as well as
parameters that are necessary for the system dynamics. In a simple example we might want
to determine the one-dimensional position of a moving object along an axis. The object
has a non-zero mass and therefore the physical rules of inertia hold, which means that, in
addition to position, also the current velocity and acceleration are important parameters
for the system dynamics. Therefore we have a linear 2nd-order system and could use the
following vector to describe the system state:

x = [x, v, a]T (5.64)

Note that if position and/or orientation is to be computed in sensor setups that include
inertial sensors, it is not always necessary to include the position or orientation into the
state vector. Foxlin [?] uses a so-called complimentary Kalman filter, which estimates not
the orientation itself, but instead the bias in the integrated signal of the inertial sensor. This
reduces the size of the state vector and results in a faster tracker response.

State Transitions are determined by the transition matrix A for linear system, and by
the time update function f in case of an extended Kalman filter. In the simplest case, the
parameters to be determined are constant and therefore the matrix A can be set to identity.
When we also set Q to 0 and there is no control input, the linear Kalman filter reduces to the
recursive optimal estimator (eq. 5.47).
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For the example system from equation 5.64, both velocity and acceleration need to be
integrated and added to the position. In addition, acceleration also adds to velocity. As we
have no further information about the dynamics of acceleration, we treat it as constant. This
model results in the following transition matrix:

A =

 1 ∆t 1
2∆t2

0 1 ∆t
0 0 1

 (5.65)

Control Inputs are all deterministic input quantities that have an effect on the dynamic
system. An example are the known control impulses that are sent to the motors that drive a
robot’s wheels. In typical Ubitrack scenarios there usually is no control input, as motions are
caused by the user who is moving himself or other objects without announcing it in advance.

Measurements are described by the measurement matrixH for linear systems, and by the
measurement function h for the extended Kalman filter. In case of the simple second-order
linear example described by equations 5.64 and 5.65, the measurement matrix would simply
extract the measured value from the state vector. For a position sensor, H has the following
form:

H =
[

1 0 0
]

Note that using only this measurement equation repeatedly, both velocity and acceleration
are computed by the Kalman filter from position without explicit derivation. This is be-
cause the time update step also updates the covariance matrix, which describes how the two
derivations depend on position, and the subsequent measurement step can then correct all
state vector entries.

Process Noise Covariance Matrices Q are the most difficult to set parameters of the
Kalman filter. Intuitively, one can say that high values cause old measurements do decay
quickly and new measurements are given a higher weighting. If Q contains small values,
the filter tends to react to new measurements very slowly. In the extreme case of Q = 0,
those state vector entries that are unaffected by the state transition (the acceleration in the
above example) are treated as constant values, and the Kalman filter effectively becomes a
recursive least-squares estimator.

Unfortunately good values for the process noise covariance are difficult to compute.
Therefore these are usually either set manually [?] or determined by running a general-
purpose optimizer, such as Powell’s method, offline over a pre-recorded data set [?, ?]. A
good cost function is the squared sum of the innovation term zk−Hkx̂−k in the measurement
update equation 5.55. The innovation effectively describes how good the filter predicts a new
measurement. In order to reduce the dimension of the search space, it is usually sufficient to
set all non-diagonal elements of the covariance matrix to zero.

Instead of using a single filter with fixed process noise parameters, some approaches run
multiple Kalman filters with different parameters in parallel and select the one that gives
the best results for the filter output [?]. This can even be extended to algorithms that com-
bine Kalman filtering with hidden Markov models and automatically learn both the filter
parameters and the transitions between different filters [?, ?].
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Measurement Noise Covariance Matrices R ideally describe the true covariance of each
sensor measurement. The accuracy can often be found in the sensor’s data sheets, but is
better determined by empirical evaluation.

In fixed sensor setups where the measurement accuracy is constant, R can be used in ad-
dition to Q for tuning the overall performance of the Kalman filter [?]. Such an approach
however is generally unsuitable for Ubitrack, as measurement attributes should be compa-
rable for all sensors and not only be valid in a fixed tracker configuration.

5.3.5 Sensor Fusion

Whenever multiple sensors can measure interdependent state vector entries, we can increase
the overall accuracy or other qualities of the final state estimate by combining (fusing) mea-
surements from these sensors. There are two different approaches to sensor fusion using
Kalman filters.

Synchronous sensor fusion combines multiple sensor values into a single measurement
vector, which is integrated into the state vector in one predictor-corrector cycle. Adding both
an absolute position sensor and an inertial acceleration sensor to the example from equation
5.64 and 5.65, we get the following synchronous measurement matrix:

H =
[

1 0 0
0 0 1

]
The drawback of the synchronous sensor fusion approach is that the measurements are im-
plicitly assumed to have taken place at exactly the same time. This assumption however is
rarely true in ubitrack scenarios where information from many independent sensors is to be
combined.

Single-constraint-at-a-time (SCAAT) Kalman filtering aims at integrating as few infor-
mation as possible in one measurement update step [?]. In this case we would perform a
distinct update cycle for each sensor, using different measurement matrices or functions.
Therefore measurements can be integrated in the order they are made, avoiding the simul-
taneity assumption.
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The previous chapter has introduced the underlying mathematical theory of this thesis, but
no concrete application was given. This chapter applies the theory of random variables and
dynamic systems to pose measurements consisting position and orientation. The goal is to
derive all mathematics that are necessary to reach the goals of this thesis and to provide
mathematical methods that can directly be implemented. The implementation in DWARF is
described in the next chapter.

6.1 Static Errors

The first part of this chapter deals with the description of static random errors, which affect
single measurements and are present even in systems without motion. I also describe how
errors propagate in a ubitrack system when measurements are chained or inverted.

6.1.1 Error Model

At first we have to decide how measurements and their accompanying errors are to be de-
scribed and interpreted. Each measurement in a ubitrack system consists of a translation
vector t and a rotation quaternion r. This describes a transformation of a vector x from
one coordinate system into another. At first the rotation r is applied, then the translation is
added to the result:

xnew = t + rxr∗ (6.1)

where r∗ means quaternion conjugation and all multiplications are quaternion multiplica-
tions. For simplicity, I have omitted the ⊗ operator. Note that the same transformation can
be expressed using a homogeneous matrix, well known from computer graphics.

Each measurement is affected by an error, both in translation and orientation. The posi-
tional error et is added to the position and the rotational error, represented by the quaternion
er, is multiplied to the orientation.

xnew = t + et + rerxe∗rr
∗ (6.2)

The rotational error er is assumed to be small and therefore it can be approximated by the
following “small” quaternion:

er ≈ [er,x, er,y, er,z, 1]

In fact, er,w =
√

1− e2r,x − e2r,y − e2r,z would give a much better approximation for the scalar
part of the error quaternion. In our case however, this would make no difference as a first-
order approximation is used in the error propagation and Kalman filter formulas, which
always linearize around er = [0, 0, 0, 1].

62



6 Modelling Errors in Ubitrack

The errors are not exactly known, but assumed to be normally distributed, therefore we
can describe the error using a covariance matrix. As errors in position and orientation can be
dependent, such as in an optical tracker, where orientation is determined from the position
of multiple features, both errors are aggregated into a single 6× 6 covariance matrix C.

(et,x, et,y, et,z, er,x, er,y, er,z)T ∼ N(0, C)

This is the covariance matrix that is included in every ubitrack measurement.

6.1.2 Error Propagation: Inference

One of the core techniques in ubitrack systems is the combination of measurements along a
path in the spatial relationship graph. If we were using homogeneous matrices to represent
the measurements, the matrices could simply be multiplied. However, we don’t and there-
fore a different method is necessary for combining both measurements and the associated
error covariance matrices in order to estimate the total error of a path. Here I present the
combination of two trackers, however it is possible to apply this computation repeatedly for
paths consisting of more than two edges.

The two measurements yield the positions t1 and t2 as well as the rotation quaternions r1
und r2. If only either rotation of position are present in both measurements, the equations
still hold by setting the other value to 0 or 1 respectively. Applying equation 6.2 twice, the
combined “inferred” measurement can be expressed as:

xnew = t1 + et1 + r1er1(t2 + et2 + r2er2xe
∗
r2
r∗2)e

∗
r1
r∗1 (6.3)

this can be rewritten to
xnew = tC + etC + rCerCxe∗rC

r∗C (6.4)

where

tC = t1 + r1t2r
∗
1

etC = et1 + r1(er1(t2 + et2)e
∗
r1
− t2)r∗1

rC = r1r2

erC = r∗2er1r2er2

tC and rC now represent the total translation and rotation of the chained edges and etC und
erC are the total errors.

From the formula we can see what should be intuitively clear: The combined positional
error etC depends not only on et1 and et2 , but also on the rotational error er1 and the position
t2. If r1 represents the angle between the arm and a human body, it should be obvious that
the position of the hand depends on it. This dependency increases with the length of the
arm, which is described by t2.

In order to compute the covariance matrix CC of the combined measurements, the special
case of the error propagation formula from equation 5.37 is applied:

CC = J1C1J
T
1 + J2C2J

T
2
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where J1 and J2 are the Jacobians J1 = ∂g/∂(et1 , er1)
T and J2 = ∂g/∂(et2 , er2)

T of
g(et1 , er1 , et2 , er2) = (etC , erC )T evaluated at (et1 , er1 , et2 , er2)

T = 0.

J1 =



1 0 0 −4r1,yr1,xt2,z + 4r1,zr1,xt2,y + 4r1,yr1,wt2,y + 4r1,zr1,wt2,z

0 1 0 −2r21,yt2,z + 4r1,yr1,zt2,y + 2r21,zt2,z − 2r21,wt2,z − 4r1,wr1,xt2,y + 2r21,xt2,z

0 0 1 −4r1,zr1,yt2,z + 2r21,zt2,y − 2r21,yt2,y − 4r1,xr1,wt2,z − 2r21,xt2,y + 2r21,wt2,y

0 0 0 r22,x + r22,w − r22,z − r22,y

0 0 0 2r2,xr2,y − 2r2,wr2,z

0 0 0 2r2,xr2,z + 2r2,wr2,y

2r21,xt2,z − 4r1,xr1,zt2,x + 2r21,wt2,z − 4r1,wr1,yt2,x − 2r21,zt2,z − 2r21,yt2,z

4r1,yr1,xt2,z − 4r1,zr1,yt2,x + 4r1,zr1,wt2,z + 4r1,xr1,wt2,x

4r1,zr1,xt2,z − 2r21,zt2,x − 4r1,yr1,wt2,z + 2r21,yt2,x + 2r21,xt2,x − 2r21,wt2,x

2r2,xr2,y + 2r2,wr2,z

r22,y − r22,z + r22,w − r22,x

2r2,zr2,y − 2r2,xr2,w

−2r21,xt2,y + 4r1,xr1,yt2,x − 2r21,wt2,y − 4r1,wr1,zt2,x + 2r21,zt2,y + 2r21,yt2,y

−4r1,yr1,xt2,y + 2r21,yt2,x − 4r1,zr1,wt2,y − 2r21,zt2,x + 2r21,wt2,x − 2r21,xt2,x

−4r1,zr1,xt2,y + 4r1,zr1,yt2,x + 4r1,yr1,wt2,y + 4r1,xr1,wt2,x

2r2,xr2,z − 2r2,wr2,y

2r2,zr2,y + 2r2,xr2,w

r22,z − r22,y − r22,x + r22,w

 (6.5)

J2 =



r21,x + r21,w − r21,z − r21,y 2r1,yr1,x − 2r1,zr1,w 2r1,xr1,z + 2r1,wr1,y

2r1,yr1,x + 2r1,zr1,w r21,y − r21,z + r21,w − r21,x 2r1,zr1,y − 2r1,xr1,w

2r1,xr1,z − 2r1,wr1,y 2r1,zr1,y + 2r1,xr1,w r21,z − r21,y − r21,x + r21,w

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

r22,w + r22,x + r22,y + r22,z 0 0
0 r22,w + r22,x + r22,y + r22,z 0
0 0 r22,w + r22,x + r22,y + r22,z

 (6.6)

For the actual DWARF implementation, the C code for the generation of these Jacobians was
generated automatically by Maple, in order to avoid typos.
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6.1.3 Error Propagation: Pose Inversion

An edge in the spatial relationship graph sometimes may point into the direction opposite
to the path, which means that the measurement was made in the coordinate system of the
target node. In this case the pose described by the edge has to be inverted and the associated
error covariance must be updated accordingly.

Solving equation 6.2 for x and exchanging the terms x and xnew yields the following equa-
tion:

xnew = tI + etI + rIerIxe
∗
rI
r∗I (6.7)

where

tI = −r∗tr
etI = r∗tr − e∗rr

∗(t + et)rer
rI = r∗

erI = re∗rr
∗

While the error in orientation is simply rotated to a different coordinate system, the trans-
lation error, similarly to the inference case, again depends both on the error in rotation and
the length of the translation. The consequence is that applying the formula twice results in
the same pose, but in a different – worse – error estimate. Unfortunately it is not possible to
determine and eliminate the portion of rotation in the translational error afterwards.

The covariance matrix of the inverted pose is computed using the following equation:

CI = JIC1J
T
I (6.8)

Where JI is the Jacobian JI = ∂g/∂(et, er)T of g(et, er) = (etI , erI )
T evaluated at (et, er)T =

0.

JI =



−r2x − r2w + r2z + r2y −2ryrx − 2rzrw −2rzrx + 2ryrw
−2ryrx + 2rzrw −r2y + r2z − r2w + r2x −2rzry − 2rxrw
−2rzrx − 2ryrw −2rzry + 2rxrw −r2z + r2y + r2x − r2w

0 0 0
0 0 0
0 0 0

0
−4rwrytx + 2r2ytz − 4rzryty − 4rxrztx − 2r2ztz − 2r2wtz + 4rxrwty + 2r2xtz
−4rwrztx + 4ryrztz − 2r2zty + 4rxrytx + 2r2yty + 4rxrwtz − 2r2xty + 2r2wty

−r2x − r2w + r2z + r2y
−2ryrx − 2rzrw
−2rzrx + 2ryrw

−4rxrwty − 2r2xtz + 4rxrztx + 4rzryty + 2r2ztz + 4rwrytx + 2r2wtz − 2r2ytz
0

−4rzrwty − 4rxrztz + 2r2ztx − 2r2xtx − 4ryrxty + 2r2ytx + 4ryrwtz − 2r2wtx
−2ryrx + 2rzrw

−r2y + r2z − r2w + r2x
−2rzry − 2rxrw
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−4rxrwtz + 2r2xty − 4rxrytx − 2r2yty − 4ryrztz − 2r2wty + 4rwrztx + 2r2zty
−4ryrwtz + 4ryrxty − 2r2ytx + 2r2xtx + 4rxrztz + 4rzrwty − 2r2ztx + 2r2wtx

0
−2rzrx − 2ryrw
−2rzry + 2rxrw

−r2z + r2y + r2x − r2w

 (6.9)

6.1.4 Converting Rotational Error

The rotational error was defined as a small quaternion that is multiplied to the actual rotation
quaternion. This representation has the advantage of this that only a 3× 3 covariance matrix
is necessary to describe the rotational error. Covariance however was defined to add to the
expectation and for some algorithms, e.g. error visualization or optimal estimation, it is
necessary to have additive errors. In such a case the 3×3 matrix must be converted to a 4×4
matrix.

The total rotation r′, including the multiplicative error em, is represented as follows:

r′ = rem

Using an additive error representation, this becomes

r′ = r + ea

It obviously follows that for the additive error ea the following holds:

ea = rem − r (6.10)

Using the error propagation formula 5.36 we get

Ca = JaCmJ
T
a (6.11)

where

Ja =
∂ea
∂em

∣∣∣∣
em=1

=


rw −rz ry rx
rz rw −rx ry
−ry rx rw rz
−rx −ry −rz rw

 (6.12)

The problem with this formula is that the covariance matrix Cm only describes the distribu-
tions of the x, y and z components. Intuitively it should be clear that the variance of the w
value always must be 0 at the point [0, 0, 0, 1], where the small error quaternion is assumed
to be. This is because there is no rotational error that could change the w part and therefore
move the quaternion off the hyper sphere. When extending the covariance matrix to a size
of 4 × 4 and setting both the fourth row and column to 0, the matrix becomes singular and
therefore cannot be inverted. Inversion however is necessary for the Kalman filter, and at
least the fourth diagonal entry must be set to some non-zero value. My experiments how-
ever have shown that the actual value does not have a big effect on the result of a Kalman
filter estimation. Therefore I simply set the fourth diagonal entry to 1.
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The conversion in the other direction is relevant, when the additive error covariance of a
Kalman filter is to be inserted back into the ubitrack system.

em = 1 + r∗ea (6.13)

The associated Jacobian is

Jm =
∂em
∂ea

∣∣∣∣
ea=0

=


rw rz −ry −rx
−rz rw rx −ry
ry −rx rw −rz
rx ry rz rw

 = JT
a (6.14)

As we are not interested in the distribution of the scalar quaternion part, we can simply drop
the last row and column of the resulting covariance matrix.

If the whole 6×6 or 7×7 pose covariance matrix is to be transformed, we can set the upper
left part to identity, put Ja or Jm into the lower right and set the rest to 0, as the position is
unaffected by this conversion.

6.1.5 Determination of Sensor Errors

Using a covariance matrix to describe sensor errors is a good technique, but unfortunately
most off-the-shelf sensors do not return such information with each measurement. In order
to set the error statistics, there are three different approaches:

Accuracy values from datasheets usually do not include complete covariance matrices,
but at best the average variance or standard deviation for each axis. In this case, the
variances can be inserted into the diagonal of the covariance matrix.

Errors consisting of many single errors which are either known or can be estimated
more reasonably than the total error may be used to compute the total error distribu-
tion. When the formula that computes the final pose from the single erroneous values
is known, the error propagation formula can be applied. This approach is suitable
for optical trackers, where the total error, after elimination of static distortion, is com-
posed of simple 2D errors caused by sensor noise or the feature extraction [?]. Here the
relationship between the Jacobian of a function and its inverse may be helpful:

∂f−1(y)
∂y

=
[
∂f(x)
∂x

]−1

(6.15)

This makes it unnecessary to know the exact formula for pose reconstruction from 2D
features, as the error covariance can now be determined from the perspective projec-
tion, which usually is easier to compute.

Measuring the sensor noise in the static case usually is the best, but most labor-intensive
solution. For that, it is necessary to repeat the same measurements many times. From
the resulting data, the covariance can be determined using equation 5.29. Ideally, this
procedure is repeated at different places, as the accuracy of a sensor rarely is homoge-
neous throughout its entire working range.
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6.1.6 Related Work

Of the papers that I have read, only in the work of Hoff [?], error propagation between
trackers with multiple coordinate systems plays a major role. Measurement precision is also
described using a 6× 6 covariance matrix, but rotation is represented with Euler angles. The
error propagation formula 5.36 is derived, but no concrete application to the pose representa-
tion is given. Also Coelho [?] mentions error propagation from tracker to screen coordinates,
but does not give any details except a reference to the unscented transform [?].

Smith et al. [?] use an exponential map representation of orientation uncertainty. I suspect
that the resulting covariance matrices are identical to those of my representation, altough I
do not have a formal proof for that.

6.2 Reducing Dynamic Errors with Kalman Filters

Dynamic errors are those that are only visible when motion occurs in the scene. The two
types, which are most important to this thesis are:

First-Order Dynamic Errors are caused by the end-to-end delay between trackers and the
rendering of the augmentation. In order to compensate for this, I use the same approach as
Azuma [?]. Therefore a Kalman filter is constructed, which estimates the true position and
orientation as well as a number of derivations after each measurement. Similar to the Taylor
expansion, these derivations are used to predict the pose at a future time, when the rendered
image is expected to appear on the screen.

Measurement Simultaneity is implicitly assumed when measurements of multiple sen-
sors are combined. A prominent example is the chaining of measurements along a path in
Ubitrack systems. The problem here is, that measurements are only truly simultaneous in
setups where sensors are carefully tuned and synchronized. In a typical heterogeneous Ubi-
track system however, this is not the case as all sensors have different clocks and update
rates. The solution of this problem is again the use of Kalman filters, which are inserted
into the dataflow graph directly after each sensor, and compute a valid measurement for a
common point in time by prediction or backward projection.

Kalman Filters were explained in the previous chapter in a rather general fashion. This
chapter derives the necessary formulas and matrices for applying the extended Kalman filter
to dynamic systems consisting of position and orientation. A Kalman filter consists of a time
update step and a measurement step. This partitioning is quite useful, because the time
update step describes the behavior of objects and can therefore be associated to nodes in the
spatial relationship graph, while the measurement step depends on properties of sensors
and single measurements. The rest of this section deals with the parameterization I chose
for the Kalman filters.
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6.2.1 State Vector

The Kalman filter state vector consists of three values ti for position and another three values
for each derivation. The number of derivations is not fixed, but can be chosen freely in the
ubitrack system, depending on the characteristics of motion. If e.g. the measured relation
between two bodies is known to be constant or changing very slowly, it may suffice to use
no derivation at all. In this case the Kalman filter becomes a least squares estimator which
averages measurements and therefore eliminates noise.

The orientation quaternion r is stored in another four entries. For dynamic systems, the
state vector also contains the angular velocity ω, which is represented by a three-element
exponential map. The angular velocity can be seen as the derivative of orientation. The
change in orientation, caused by ω can be described with the following formula:

rk+1 = rk ⊗ eω∆t (6.16)

Exponentiation of quaternions is defined in equation 5.13. The state vector also may contain
an arbitrary number of derivations of the angular velocity. Whether ω and its derivations
are present also is not fixed and depends on properties of the measured system.

The contents of the state vector are summarized in the following vector:

x = [tx, ty, tz, t′x, t
′
y, t

′
z, t

′′
x, t

′′
y, t

′′
z , . . . , rx, ry, rz, rw, ωx, ωy, ωz, ω

′
x, ω

′
y, ω

′
z, . . . ]

T (6.17)

6.2.2 Time Update

From the previous chapter we know that the Kalman filter time update step has the follow-
ing equations:

x̂−k+1 = f(x̂k,uk, 0)

P−k+1 = AkPkA
T
k +WkQkW

T
k

As nothing is known in advance about the user’s intentions, the system has no deterministic
control input uk.

Position and its derivations are updated using a linear relationship. For each element of t
and its derivations, the following MacLaurin series expansion holds:

t
(l)
k+1 =

n−l∑
i=0

t
(l+i)
k

∆ti

i!
(6.18)

where n is the number of used derivations.

Orientation is a bit more complicated, as the relation between orientation and angular ve-
locity is non-linear. In this case the difference caused by angular velocity has to be multiplied
to the orientation quaternion. I compute this using the following formula:

rk+1 = rk ⊗ dk (6.19)
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where

dk = eb, b =
m∑

i=0

ω
(i)
k

∆ti+1

(i+ 1)!

Again, m is the number of derivations of ω and eb is computed using the exponential map
(eq. 5.13). The sum b effectively computes the logarithm of the difference quaternion dk

using the same extrapolation as in formula 6.18.

Prediction Jacobian Ak = ∂f/∂x is necessary in order to correctly propagate the covari-
ance matrix from time tk to tk+1. Because position and orientation are computed indepen-
dently, the Jacobian Ak can be decomposed into two independent Jacobians AT,k and AR,k:

Ak =
[
AT,k 0

0 AR,k

]
(6.20)

AT,k propagates the errors in position and its derivations, and AR,k those of the orientation.
Note that if the covariance matrix Pk contains any statistical dependencies between position
and orientation, these will be preserved by the propagation. For better readability, I have
dropped the index k in the following equations, but this does not mean that the variables are
the same for every update step.

AT =



1 0 0 ∆t 0 0 1
2∆t2 0 0 · · ·

0 1 0 0 ∆t 0 0 1
2∆t2 0 · · ·

0 0 1 0 0 ∆t 0 0 1
2∆t2 · · ·

0 0 0 1 0 0 ∆t 0 0 · · ·
0 0 0 0 1 0 0 ∆t 0 · · ·
0 0 0 0 0 1 0 0 ∆t · · ·
0 0 0 0 0 0 1 0 0 · · ·
0 0 0 0 0 0 0 1 0 · · ·
0 0 0 0 0 0 0 0 1 · · ·
...

...
...

...
...

...
...

...
...

. . .



AR =



dw dz −dy dx

−dz dw dx dy B∆t B 1
2∆t2 · · ·

dy −dx dw dz

−dx −dy −dz dw

0 0 0 0 1 0 0 ∆t 0 0 · · ·
0 0 0 0 0 1 0 0 ∆t 0 · · ·
0 0 0 0 0 0 1 0 0 ∆t · · ·
0 0 0 0 0 0 0 1 0 0 · · ·
0 0 0 0 0 0 0 0 1 0 · · ·
0 0 0 0 0 0 0 0 0 1 · · ·
...

...
...

...
...

...
...

...
...

...
. . .


The size of the matrices AT and AR of course depends on the number of derivations in
position and orientation that are used. The matrix B describes how the orientation depends
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on the angular velocity and its derivations. The complete form of B is given in the next
equation. For reasons of size, each matrix entry spans over two lines.

B =

1
2φ3 (2bxrzby sin(1

2φ)− 2bxrybz sin(1
2φ)− bxrx sin(1

2φ)by2 + rwbx
2 cos(1

2φ)φ− rzby cos(1
2φ)φbx+

rybz cos(1
2φ)φbx − bxrx sin(1

2φ)bz2 + 2rw sin(1
2φ)bz2 + 2rw sin(1

2φ)by2 − rx sin(1
2φ)bx3)

− 1
2φ3 (−2rz sin(1

2φ)by2 − 2rz sin(1
2φ)bz2 + ry sin(1

2φ)bx3 + 2bxqwby sin(1
2φ)− rzbx

2 cos(1
2φ)φ+

rxbz cos(1
2φ)φbx + bxry sin(1

2φ)bz2 − 2bxrxbz sin(1
2φ) + bxry sin(1

2φ)by2 − rwby cos(1
2φ)φbx)

− 1
2φ3 (bxrz sin(1

2φ)by2 − rxby cos(1
2φ)φbx − rwbz cos(1

2φ)φbx + rybx
2 cos(1

2φ)φ+ bxrz sin(1
2φ)bz2+

2bxrxby sin(1
2φ) + 2bxqwbz sin(1

2φ) + rz sin(1
2φ)bx3 + 2ry sin(1

2φ)by2 + 2ry sin(1
2φ)bz2)

− 1
2φ3 (rxbx2 cos(1

2φ)φ+ ryby cos(1
2φ)φbx − 2bxrzbz sin(1

2φ) + bxrw sin(1
2φ)by2 − 2bxryby sin(1

2φ)+
bxrw sin(1

2φ)bz2 + rzbz cos(1
2φ)φbx + 2rx sin(1

2φ)by2 + 2rx sin(1
2φ)bz2 + rw sin(1

2φ)bx3)

1
2φ3 (−2bx2rz sin(1

2φ)− 2rz sin(1
2φ)bz2 − rx sin(1

2φ)by3 − rzby
2 cos(1

2φ)φ+ rybz cos(1
2φ)φby−

−2rybz sin(1
2φ)by − rx sin(1

2φ)bybz2 − bx
2rx sin(1

2φ)by − 2bxrwby sin(1
2φ) + rwby cos(1

2φ)φbx)

− 1
2φ3 (ry sin(1

2φ)by3 + 2bxrz sin(1
2φ)by + rxbz cos(1

2φ)φby − rwby
2 cos(1

2φ)φ− rzbx cos(1
2φ)φby−

2rxbz sin(1
2φ)by + bx

2ry sin(1
2φ)by + ry sin(1

2φ)bybz2 − 2qw sin(1
2φ)bz2 − 2bx2rw sin(1

2φ))

1
2φ3 (rwbz cos(1

2φ)φby − rybx cos(1
2φ)φby + rxby

2 cos(1
2φ)φ− bx

2rz sin(1
2φ)by − rz sin(1

2φ)bybz2+
2bxry sin(1

2φ)by − 2rwbz sin(1
2φ)by + 2bx2rx sin(1

2φ)− rz sin(1
2φ)by3 + 2rx sin(1

2φ)bz2)

− 1
2φ3 (rw sin(1

2φ)bybz2 + rw sin(1
2φ)by3 + 2ry sin(1

2φ)bz2 + 2bx2ry sin(1
2φ) + ryby

2 cos(1
2φ)φ

−2rzbz sin(1
2φ)by + rzbz cos(1

2φ)φby + rxbx cos(1
2φ)φby + bx

2rw sin(1
2φ)by − 2bxrx sin(1

2φ)by)

51
2φ3 (2ry sin(1

2φ)by2 + 2bx2ry sin(1
2φ)− rzbz cos(1

2φ)φby + rybz
2 cos(1

2φ)φ+ 2rzbz sin(1
2φ)by−

bx
2rx sin(1

2φ)bz + rwbx cos(1
2φ)φbz − rx sin(1

2φ)bz3 − 2bxrw sin(1
2φ)bz − rx sin(1

2φ)bzby2)

− 1
2φ3 (rxbz2 cos(1

2φ)φ− rzbx cos(1
2φ)φbz + bx

2ry sin(1
2φ)bz − rwbz cos(1

2φ)φby + 2bxrz sin(1
2φ)bz+

ry sin(1
2φ)bzby2 + 2rwbz sin(1

2φ)by + 2bx2rx sin(1
2φ) + 2rx sin(1

2φ)by2 + ry sin(1
2φ)bz3)

1
2φ3 (−2rxby sin(1

2φ)bz − rz sin(1
2φ)bzby2 − bx

2rz sin(1
2φ)bz + 2bxry sin(1

2φ)bz + rxby cos(1
2φ)φbz+

rwbz
2 cos(1

2φ)φ− rybx cos(1
2φ)φbz + 2rw sin(1

2φ)by2 + 2bx2rw sin(1
2φ)− rz sin(1

2φ)bz3)

− 1
2φ3 (−2rybz sin(1

2φ)by + rw sin(1
2φ)bz3 + 2rz sin(1

2φ)by2 + 2bx2rz sin(1
2φ) + rxbx cos(1

2φ)φbz+
rzbz

2 cos(1
2φ)φ+ rw sin(1

2φ)bzby2 − 2bxrx sin(1
2φ)bz + rybz cos(1

2φ)φby + bx
2rw sin(1

2φ)bz)


φ = |b| is the angle by which the orientation is rotated. From the above equation we can see
that its not directly possible to compute B when φ is zero. Therefore the following matrix B̃
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gives the limit of B as the vector b goes to zero.

B̃ = lim
b→0

B =


1
2rw −1

2rz
1
2ry

1
2rz

1
2rw −1

2rx
−1

2ry
1
2rx

1
2rw

−1
2rx −1

2ry −1
2rz


When the difference between successive orientations is small, B̃ can be used as an approx-
imation for B. This may be the case when angular velocity is small or when a high update
rate is used.

Process Noise determines the speed by which the entries of the covariance matrix decay
with time. A low process noise causes the Kalman filter to give more weight to the estimated
state vector and measurements are trusted less. Previous work [?, ?] has shown that it is
sufficient to use only the diagonal entries of the process noise covariance matrix and set the
rest to 0. Therefore we set Wk = I . Furthermore, the uncertainty should increase as with the
length of the prediction interval. So I use the following process noise covariance matrix:

Qk =

 (q1∆t)2 0
. . .

0 (qn∆t)2

 (6.21)

where n is the length of the state vector. The exact values of the elements qi depend on the
characteristics of the tracked motion. In order to reduce the degrees of freedom, especially
when an optimization algorithm is used, it may make sense to use the same value for the x,
y, z and w components of each derivation. This would imply the assumption that the motion
has the same qualities in each direction.

6.2.3 Measurement Update

The measurement update step integrates new measurements into the state vector. How this
is done depends on the type of sensor that is used. As a reminder, the measurement update
equations of the extended Kalman filter have the following form:

Kk = P−k H
T
k (HkP

−
k H

T
k + VkRkV

T
k )−1

x̂k = x̂−k +K(zk − h(x̂−k , 0))
Pk = (I −KkHk)P−k

Measurement Function essentially predicts a new measurement from the estimated state
vector. For sensors that directly measure position or one of its derivations, this is easy. The
respective measurement function simply has to extract the relevant part from the state vector.
The same holds for the derivations of the orientation, as long as the representation is the
same.
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The only difference is the integration of measurements that directly include an orientation
quaternion. As described by Azuma [?], the measurement function consists of a quaternion
normalization:

z̃r = hr(xk) = Normalize(rk) =
rk
||rk||

(6.22)

Measurement Jacobian Hk is the derivation of the measurement function with respect to
the state vector x. For operations that simply extract components, the Jacobian is the identity.
In case of the quaternion normalization, HR = ∂Normalize(r)

∂r is

HR =


D−r2

x
LD

−rxry

LD
−rxrz
LD

−rxrw
LD

−ryrx

LD

D−r2
y

LD
−ryrz

LD
−ryrw

LD
−rzrx
LD

−rzry

LD
D−r2

z
LD

−rzrw
LD

−rwrx
LD

−rwry

LD
−rwrz

LD
D−r2

w
LD

 (6.23)

where

D = r2x + r2y + r2z + r2w

L =
√
D = ||r||

If a sensor measures multiple state vector components simultaneously, the Jacobian can
be composed of the respective submatrices. The following example gives the measurement
function and Jacobian for a sensor that returns a full 6DOF pose:

h(xk) = [tk, rk]T

Hk =
[
I 0 · · · 0
0 · · · 0 HR 0 · · · 0

]
Again, the number of zero entries depends on the exact number of derivatives in the state
vector.

Measurement Noise Covariance Matrix is taken directly from the measurement. The
only obstacle lies in the multiplicative nature of the 6× 6 covariance matrix. Therefore it has
to be transformed into a 7×7 matrix, where the rotational error adds to the quaternion. This
is done by extending the covariance matrix, and using the matrix Ja derived in eq. 6.12 for
transforming the orientation part:

Rk =


0

Ck
...
0

0 · · · 0 1

 (6.24)

Vk =
[
I 0
0 Ja

]
(6.25)
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Normalization of the rotation quaternion in the state vector is done after the measurement
step to assure that the quaternion stays on the unit sphere. This is not part of the standard
Kalman filter, but it has been used by other researchers before [?].

6.2.4 Related Work

Many researchers have used Kalman filters before in AR or VR systems. Some examples are
[?, ?, ?, ?, ?, ?]. The Kalman filter is either applied to the output of pre-built sensors [?, ?, ?] or
it is used as an integral part of a vision-based tracking system [?, ?, ?].

The biggest difference lies in the representation of orientation that is used. [?] and [?] use
quaternions, but [?] has distinct Kalman filters for orientation and each component of posi-
tion. [?] uses Euler angles and [?] another 3-element representation. The system described
by [?] does not include the absolute orientation in the state vector, but only an incremental
rotation, which is used to update an external quaternion and is then reset to 0 after each
measurement. A completely different approach is described in [?], where a so-called com-
plimentary Kalman filter is used that does not estimate the absolute orientation of the user,
but rather the offset of an inertial sensor, which is then subtracted from the tracker output.

6.3 System Parameters

All remaining free parameters are set in the actual ubitrack system. I separate parameters
that describe the type of motion from those that determine sensor measurements.

6.3.1 Motion Model

The motion model includes all parameters that determine the characteristics of motion be-
tween two bodies. These parameters are independent from the sensing technique that is
used in the spatial relationship graph. The motion model consists of the following three
values:

The number of position derivations ndp determines how many derivations of position are
included in the state vector. When this value is zero, a static, or very slowly changing
relationship is assumed, depending on the entries of the process noise vector. A value
of 2 describes a constant acceleration model.

The number of orientation derivations ndo describes the same for orientation. A value of
1 indicates constant angular velocity. The values of ndp and ndo together determine the
size of the state vector, which is 7 + 3(ndp + ndo).

The process noise vector q determines the diagonal values of Qk, as defined in equation
6.21. Therefore it has the same number of entries as the state vector.

From these parameters, I dynamically construct the Kalman filter state vector and time
update equations, as described above.
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6.3.2 Measurement Attributes

The measurement attributes describe the type of the sensor as well as properties of each
measurement.

The position derivation lp describes which quantity is actually measured by the tracker.
The value is 0 for absolute sensors and 2 for inertial trackers that measure the acceler-
ation.

The orientation derivation lo describes the same for the orientation. In this case, for inertial
sensors, lo must be 1, as inertial orientation sensors measure angular velocity, which
can be treated as the first derivation of orientation.

The measurement vector zk contains the actual measurements, i.e. position and orienta-
tion or the respective derivations, if lp or lo are greater than zero.

The measurement covariance matrix Ck describes the covariance of the measurement.
Usually this is a 6× 6 matrix, as defined by the error model.

These four parameters determine the measurement update step of the Kalman filter. The
first two describe how the measurement function h and its Jacobian H are constructed.

6.4 Evaluation Functions

The evaluation function is used in Ubitrack for computing how well a path in the spatial
relationship graph resembles the requirements of an application. As the covariance matrix
describes the accuracy of a measurement, its evaluation is a natural choice for the evalua-
tion function. The approach described here does not take into account other measurement
attributes such as update rate or latency, and is therefore only suitable as one part of a real
evaluation function. For an evaluation function, it is necessary to compute a single scalar
value out of the covariance. A good choice for this is evaluating the trace of the covariance
matrix, because the trace of a matrix is the same as the sum of its eigenvalues [?], and as
described in the last chapter, the eigenvalues are the squares of the lengths of the axes of
the confidence ellipsoid for σ = 1. Therefore the root of the trace is proportional to the
length of the diagonal of the cuboid around the ellipsoid. If the application is not interested
in the total accuracy, but wants to weight directions differently, e.g. in Augmented Reality,
where uncertainties perpendicular to the viewing direction are more crucial, it can supply a
weighting matrix A. This results in the following evaluation function:

ep =
√

trace(ACpAT ) (6.26)

Normally, it should not be necessary to repeat the evaluation and the graph search for each
measurement, as the quality attributes are assumed to change with lower frequency as the
measurements. Therefore it is possible to use compute a sliding or exponential average over
both measurements and covariance matrix, and use this to update the attributes of the Spa-
tial Relationship Graph at a much lower update rate. For computing the attributes of a whole
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path, it is necessary to apply the error propagation formulas for inference and/or inversion
on these averaged measurements and covariance matrices. Even some sensor fusion cases
may be handled by assuming the static case and using the (recursive) optimal estimation
formula for computing the resulting covariance.
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The previous chapter explains the mathematics used in the data flow computations of the
Ubitrack system. This chapter deals with the software implementation aspects of the DWARF

data flow implementation.

7.1 Requirements

Before implementing any system, it is always useful to think about what it is supposed to
do and what not. Bruegge [?] divides such requirements into functional, non-functional and
pseudo requirements.

7.1.1 Functional Requirements

“Functional requirements describe the interactions between the system and its
environment independent of its implementation.” [?]

Computation of inferred measurements Obviously, the data flow graph part of the Ubi-
track system must be able to compute inferred measurements from the available real mea-
surements. For that, measurements must be inverted, chained, predicted and fused, and
arbitrary combinations of these operations should be possible. In addition, all operations
must modify the sensor error statistics accordingly, in order to provide quality information
to the application.

Tracker Abstraction The data flow graph must provide uniform interfaces both to the
trackers and to the application in order to make it device- and application-independent.
This requirement corresponds to the “Transparency” design goal of the Ubitrack system
from section 1.4.1.

Dynamic configurability by the UMA The central component of the DWARF Ubitrack
system is the UMA, which holds a distributed representation of the Spatial Relationship
Graph , receives application queries and performs the distributed path search. In order to
deliver the requested measurements to the application, the data flow graph is configured by
the UMA.
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7.1.2 Nonfunctional Requirements

“Nonfunctional requirements describe user-visible aspects of the system that are
not directly related with the functional behavior of the system.” [?]

Performance An critical point in the design of augmented reality systems is the end-to-
end system delay. While it is possible to reduce its negative effects to some degree by pre-
diction, the reduction of this delay still should be the a major design goal. Therefore the com-
munication overhead between the data flow components as well as their CPU load should
be as low as possible.

Extensibility The first Ubitrack implementations are not meant to be fully working
consumer-ready applications, but rather research sandboxes for experimenting with new
methods for sensor fusion, distributed tracking, etc. Therefore the data flow graph should
be extensible to allows easy addition of new components, and the implementation should
focus on small modules that can later be reused for unforeseen purposes.

7.1.3 Pseudo Requirements

“Pseudo requirements are requirements imposed by the client that restrict the
implementation of the system.” [?]

DWARF The components of the data flow graph should be realized as DWARF services to
take advantage of the existing distributed software infrastructure.

7.2 Data Flow Implementation Concepts

This section discusses the general concepts of the data flow graph implementation, which
affect all of its components.

7.2.1 Data Structures

In the current data flow implementation, two types of data must be described and commu-
nicated among components.

Motion Models

Motion models describe the type of motion that is expected between two objects of the spa-
tial relationship graph. These are used to allow different Kalman filters to be constructed for
each relationship.

Motion models are currently contained in the UTMotionModel attribute of the sensor
service. It should be clear that this can only be a temporary solution, as it contradicts the
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principle of separation of sensor and motion information. A possible solution to the problem,
by adding motion information to the spatial relationship graph, is outlined in the future
work section.

The UTMotionModel is a string containing at least two numbers, ndp and ndo, which
describe the number of derivations of position and orientation in the Kalman filter state
vector. If one of the two entries is −1, position or orientation will not be included at all. The
meaning of the motion model entries is explained in more detail in section 6.3.1.

UTMotionModel = ”ndpndoq1 . . . qn”

Measurements

Each measurement is described using the PoseData data structure, which was specified at
the beginning of the Ubitrack project in a collaborative work by all project members. The
contents of the structure are given in table 7.1.

Field Description
source This string contains the object identifier of the source coordinate

system in the Spatial Relationship Graph . This is usually the
same as the sensor’s.

target This string contains the target’s object identifier.
position The 3D position of the object is stored in an array of double floats

in Cartesian coordinates.
orientation The orientation of an object is delivered in form of a quaternion.

For a description of quaternions, see section 5.1.3.
timestamp A data structure containing the absolute timestamp of the mea-

surement. It consists of a seconds field, which describes the sec-
onds since January, 1st 1970, 00:00 (standard UNIX time format),
and a microseconds field, provided for higher resolution.

confidence A statistical value giving the probability that this measurement
exists. This field is relevant, when a tracker is unsure about the
identity or even existence of a detected locatable.

covariance A 6x6 covariance matrix parameterizing the Gaussian error dis-
tribution of the measured position and orientation (see section
6.1.1).

Flag fields Flags that indicate which fields of this structure contain valid
data.

Table 7.1: Data fields which are stored in a PoseData structure

In the current implementation, PoseData structures are either sent as events, using the
Asynchronous Push mechanism, or requested by a Synchronous Pull method call. For further
explanations, see section 2.4.3. The Asynchronous Pull mechanism is currently unused.

In addition to the values contained in the PoseData structure, also sensor characteris-
tics that do not change with every measurement, are required. In our case these are the
derivations of position and orientation that is actually measured by each sensor. These two
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numbers are described by the UTMeasurementDerivations of the sensor service, which
is a string containing two numbers:

UTMeasurementDerivations = ”lp, lo”

For an explanation, see section 6.3.2. If one number is negative, the sensor does not measure
this quantity at all.

In order to stay compatible with existing DWARF applications, the measurements always
contain absolute quantities. For inertial sensors, the values contained in the PoseData struc-
ture always are integrated by the sensor. This also has the advantage of higher precision and
lower drift, as the integration in the sensor usually can be performed at a much higher accu-
racy and update rate.

7.2.2 Timing Issues

In an ideal AR system, all trackers make measurements simultaneously, these are immedi-
ately passed through the data flow components, and given to the renderer. As soon as the
renderer is finished, a new video scan-out starts. In such a system, no time-critical informa-
tion would stay in a buffer longer than necessary, resulting in a low end-to-end system delay.
Most high-performance AR systems have been built with this ideal setup in mind, which re-
quires a tight synchronization between trackers, renderer and screen. That however usually
leads to difficult to understand monolithic applications and real-time operating systems.

When building an AR system using off-the-shelf components, neither the tracker mea-
surements nor the video scan-out can be controlled, as both components are driven by their
internal clocks. Therefore tracking data always is buffered in some form, maybe as a 6D pose
or as a rendered image buffer, waiting to be displayed on the screen.

For our Ubitrack data flow graph, we basically only have the choice, where to buffer mea-
surements. If we use an asynchronous push architecture, where new measurements are
immediately pushed through all dataflow components to the renderer. Depending on ren-
der speed and sensor update rate, the computed measurement will probably land in a buffer
until the renderer is ready to compute the next image buffer. If we use a synchronous pull
architecture, the renderer demands a new measurement from the data flow graph, which
again asks the trackers. Most likely these do not make a new measurement, especially if it’s
an optical tracker, but instead return the most recent one from a buffer.

As neither of the two approaches gives a real advantage regarding the end-to-end system
delay, other factors can be considered. If we look at the number of computations that are
performed, it depends on the concrete system. In case of the event-based system, each new
measurement triggers a recomputation of the whole data flow graph. So, if the system has
more measurements than image renderings – and we hope it has – the pull architecture has a
slight advantage here. Another advantage of the pull method is that the renderer can give an
estimate of the time that the image will be displayed on the screen and we can use prediction
to compute an estimate this is better than what we get by simply using the last measurement.

Finally, the Measurement Simultaneity problem cannot be solved using an event-based ar-
chitecture unless all sensors are synchronized by some external mechanism. For the pull
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approach, prediction or interpolation of old sensor data can at least give the impression of
simultaneous measurements.

When measurements from multiple unsynchronized trackers are to be combined, the
question remains whether all sensors inputs are extrapolated to the time of the most recent
measurement or even to the current time, or whether we use interpolation for computing a
measurement valid at the time of the last measurement by the slowest sensor. This depends
on what the data is used for. In case of real-time AR systems, we certainly prefer the ex-
trapolation method to give the user the impression of a zero-lag system. If the data however
is used for estimating a static relationship or for non-time critical ubicomp applications, we
can afford to interpolate at the advantage of higher precision.

For determining how old measurements are, we need precise time stamps. Therefore all
involved computer systems need synchronized clocks. If we use a time synchronization pro-
tocol like NTP (Network Time Protocol) on a cable-based local-area network to update the
computer clocks frequently, we should be able to get precise synchronization in the order
of milliseconds. Alternatively, a GPS receiver could be used, which maintains an estimate
of the global GPS time. However, the delay caused by the usual low-speed serial connec-
tion might be a problem. In any case, the clock synchronization problem should be further
investigated.

7.2.3 Performance Considerations

Usually each DWARF service runs in its own process space. This slows down communication
between services, as an expensive process context switch is necessary for each message.
So far this hasn’t been a big problem, because tracking was passed through at most one
additional component. In the Ubitrack data flow however, we can have chains of five or
more components, and context switching may become an issue.

As process switching is the problem, the solution is obvious: Keep all tracking components
in one process. In this case all CORBA method invocations are optimized by the ORB to local
function calls, which are very cheap, compared to inter-process communication.

An implementation of this concept puts all the data flow components into one executable.
The first process that is started then registers the SvcLoad interface for all other data flow
services. Subsequent instantiations by the service manager simply cause the creation of a
new object instead of a new process. The advantage of this approach is that the instantiation
and selection of communication partners is still controlled by the service manager and it is
also possible to insert external components into the data flow graph, at the expense of higher
communication overhead.

The described method however is only suitable for method invocations. Event based com-
munication currently is dispatched by an external daemon and therefore process switching
always occurs. Therefore we should try to use the Synchronous Pull mechanism as often as
possible for communication between the data flow graph components.

If the communication between the data flow graph and the application proves to become a
problem, the data flow components could be linked as a library into the application’s process
space. As suggested by Asa MacWilliams, it may even be possible to link the notification
service libraries into the service process, enabling fast event-based communication. Such an
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approach as well as the real causes for delays in DWARF-based data flow implementations,
should be investigated in further works.

7.3 Data Flow Components

This section describes the functionality and implementation details of each of the data flow
graph components.

7.3.1 Inference

Inference services are responsible for combining multiple measurements along a path, which
is one of the core principles of the Ubitrack framework. The mathematics behind this
is explained in section 6.1.2. An inference service instance may have an arbitrary num-
ber of input PoseData needs and has one ability for providing the resulting computation.
As all input measurements must be made simultaneously, the inference only supports the
UTPoseDataSyncPull protocol for both input and output. If the preceding component,
e.g. a sensor, only provides event-based communication, a KalmanFilter component must
be inserted in between. Inference components can be instantiated for partial paths, e.g. if
there is a sensor fusion step in between.

The mathematics of the Inference service is contained in the EasyPoseData::Product
method, which now is part of the DWARF library. This allows the reuse of the functionality
in other services. The method is documented in more detail in the Doxygen source code
comments.

7.3.2 KalmanFilter

KalmanFilter services mainly provide a continuous-time UTPoseDataSyncPull protocol
to those leaf components that only make measurements at discrete-times by sending events
over the UTPoseDataAsyncPush protocol. The Kalman Filter maintains an internal state of
the relation, usually including position, orientation and a number of derivations. This state
is used to compute measurements at past or future moments as they are demanded by other
components in the data flow graph. The filter also maintains a queue of old measurements
which are interpolated when a measurement is requested at a time earlier that what can
reasonably be derived from the current internal state.

A Kalman Filter service instance can handle an arbitrary number of input needs that all
measure the same relation. In this case data fusion is performed by integrating measure-
ments from all sensors into the internal state. This way, also trackers with different charac-
teristics can be combined, e.g. inertial and absolute sensors. However, how inertial sensors
are described in the spatial relationship graph remains an open problem (see section 10.3.3).
As inertial sensors always transmit integrated absolute measurements, a differentiator is in-
cluded in the KalmanFilter service for generating the appropriate measurement vectors is
such a case.

Usually the Kalman Filter receives new measurements using the
UTPoseDataAsyncPush protocol and each incoming measurement is immediately
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Figure 7.1: UML diagram of the classes involved in the dynamic construction of Kalman
filters

integrated into the internal state. For cases where the filter is used for sensor fusion inside
a more complex data flow graph, also the UTPoseDataSyncPull protocol is supported.
The filter output can only be requested via UTPoseDataSyncPull. Such setups however
should be avoided, as the integration of new measurements then is only triggered when a
filter output is requested.

When the internal Kalman Filter state is updated by a new measurement, some assump-
tions about the type of motion are required to be able to decide how to weight the mea-
surement with respect to the internal state. If more weight is given to the internal state, a
bigger portion of the incoming measurements is considered noise, resulting in a tighter fil-
tering. The motion model, which describes this behavior, is read from the UTMotionModel
attribute of the sensor. When no motion model is specified, a default model using first and
second derivations of both position and orientation is used.

Implementation Notes

The KalmanFilter service is implemented using a general-purpose Kalman filter class hier-
archy with dynamic state vector generation. I give some documentation here, because these
classes could be reused in other projects, e.g. for autocalibration. A class diagram is given
in figure 7.1. A more detailed description including all methods and parameters is found in
the Doxygen documentation included in the header files.

ExtendedKalmanFilter is the main class of the general Kalman filter implementation. It
contains the state vector and the process noise. The time update step is generated by
adding one or more TimeUpdateFunctions using the AddTimeUpdateFunction
method. For computing an extrapolated measurement, Predict is used. For each
measurement, a MeasurementUpdateFunction must be supplied to the Measure
method. A call to SetProcessNoise changes the motion model.
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TimeUpdateFunction is a virtual base class for all functions that describe how the state
vector is advanced. The general idea is that each TimeUpdateFunction (TUF)
operates only on a subset of the state vector contents. Therefore one TUF imple-
mentation can be reused for different state vector parts. The subset on which the
TUF operates is specified when calling the AddTimeUpdateFunction method of the
ExtendedKalmanFilter.

The only method which must be implemented by derived classes is Predict. This
returns both the updated state vector parts and the associated Jacobian A (see 5.3 for
an explanation of the Kalman filter).

MeasurementUpdateFunction predicts a new measurement out of a subset of the state
vector contents and return both the predicted measurement and the measurement Ja-
cobian H .

PolynomialPredictor is an implementation of the TimeUpdateFunction. It computes a
polynomial prediction is the style of the MacLaurin expansion:

xk+1 =
n∑

i=0

x
(i)
k

i!
∆t

QuaternionPredictor works similar to the PolynomialPredictor, but creates a quater-
nion. For the mathematical details, see section 6.2.2.

IdentityMeasurement is an implementation of the MeasurementUpdateFunction
which simply extracts a part of the state vector. Therefore the Jacobian always is the
identity.

QuaternionMeasurement performs a quaternion normalization. For details of the mathe-
matics and the computation of the Jacobian, see section 6.2.3.

CombinedMeasurement combines multiple MeasurementUpdateFunctions. This is
relevant when a sensor measures both position and orientation simultaneously and
returns a combined covariance matrix.

PoseEKF provides a simpler interface for Kalman filters that handle PoseData. New mea-
surements can be integrated using the AddPose method. For computing an predicted
measurements, the PredictPose method can be called.

7.3.3 MeasurementInverter

MeasurementInverter services invert measurements when edges in a path point in the
wrong direction. They have exactly one input and one output. Two different implementa-
tions exist for the UTPoseDataSyncPull and UTPoseDataAsyncPush protocols. Usually
the pull version is inserted after a KalmanFilter. The underlying mathematics are ex-
plained in section 6.1.3 and implemented in the EasyPoseData::inverse method, which
is part of the DWARF libraries.
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7.3.4 MeasurementSampler

MeasurementSampler services are inserted at the end of a data flow graph if an ap-
plication prefers to be notified of new measurements at a fixed update rate via the
UTPoseDataAsyncPush protocol. The service has a UTPoseDataSyncPull need, usu-
ally connected to an inference or Kalman filter, and an UTPoseDataAsyncPush ability. The
update rate at which events are generates is specified by the UTUpdateRate attribute at the
receiver’s side.

A MeasurementSampler also generates the correct timestamps for prediction. This be-
havior can by controlled by the receiver using the UTTimeOffset attribute, which simply
specifies the milliseconds to predict into the future, but also negative values are possible.

7.4 Data Flow Graph Construction Rules

This section explains how the components must be instantiated in a data flow graph in order
to compute something useful. It also shows some problems that result. The data flow graph
construction usually starts with a path or a subgraph that results from a distributed path
search (see [?] for details). From that an optimal data flow graph must be determined that
fulfils the following criteria:

Correct Computation is the most obvious criterion for the data flow graph. If the path
search results in a single path, then the measurements simply are chained by an
Inference component. Edges that point in the wrong direction are prepended by
a MeasurementInverter. If the search result is a whole subgraph with circles, then
subpaths that can be expressed by other subpaths are chained by an Inference and
all equivalent subpaths must be combined by inserting a KalmanFilter component
which performs the fusion.

Optimal Computation is not guaranteed by the previous criterion. If for example all edges
of a path point in the wrong direction, it would be more efficient to invert just the result
of the Inference instead of the original measurements. Also multiple inversions of
the same measurement in more complex scenarios lead to wrong estimations of the
positional error (see sec. 6.1.3). In order to reduce such problems, more advanced
methods, similar to the optimization of mathematical formulas have to be developed.

Communication Protocols may also differ in the data flow graph. Most sensors only pro-
vide the AsynchronousPush protocol, while the inference components require the
use of the SynchronousPull mechanism. Therefore, additional KalmanFilter
components must be inserted before such sensors. If the application again requires
AsynchronousPush from an Inference, a MeasurementSampler must be added
to the end of the data flow.

Resource Allocation is important in distributed systems. Usually the computation of the
whole data flow graph on the client system should provide the lowest lag, as no mea-
surements are transported to intermediate hosts. However, if the client is a mobile
system with insufficient resources, the data flow or some parts of it may be allocated
on different computers or common sub-computations shared.
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Figure 7.2: Spatial relationship and data flow graphs of the demo setup.

7.4.1 Example Dataflows

This section gives some example dataflow graphs to illustrate the construction rules.

Demo Setup from Introduction

Figure 7.2 shows how the data flow components are used in order to compute the position
of the virtual sheep in the example from section 2.3. The KalmanFilter after the static
tracker merely serves as a buffer to reduce the communication overhead that would result
from using the SynchronousPull interface. The computational overhead introduced by
the Kalman filter is not crucial, as the static tracking service only has a low update rate and
a state vector with only seven entries is used, because no derivations are required. Alterna-
tively, a special buffer service could be written for this case.

Estimating the Static Edge in the Demo Setup

In figure 7.3 we want to estimate the static edge between the ART target and the camera. For
that, the AR Toolkit marker is placed at a known location which either was measured my
hand or by using another, already calibrated tracker. For that, the ART and AR Toolkit edges
must be inverted and a KalmanFilter component with a static motion model is inserted
at the end of the data flow graph, serving as a least-squares estimator.
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Figure 7.3: Spatial relationship and data flow graphs for estimating the static edge in the
demo setup.

Fusion of Head-Mounted and Fixed Sensors

Figure 7.4 shows a scenario in which a data from a head-mounted camera using the AR
Toolkit and an external ART tracker is fused for higher precision. The setup is similar to that
described by Hoff [?]. The fusion is performed by the KalmanFilter component at the end,
which also has a stabilizing effect on the result, as small errors in one measurement may be
enlarged by the concatenation of multiple sensors. This time we assume that the applica-
tion wants tracking data using the AsynchronousPush protocol. Therefore, an additional
MeasurementSampler is inserted at the end of the data flow graph.

7.5 Implementation Status

All the necessary algorithms already are implemented as a library and tested using an offline
tool (see next chapter). What still is missing is the integration into DWARF services, but
this should not be a lot of work. Unfortunately, also the UMA must be modified, as the
current implementation assumes a much simpler data flow architecture using only Inference
services.
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The previous chapter described the software components that are supposed to implement
the concepts of this thesis in a Ubitrack end system. This chapter is about tools I developed
for testing these concepts. The description is included in the thesis, because these tools may
be helpful in the development of future systems, and they also are the basis for the next
chapter, which describes an evaluation of the concepts.

8.1 PoseTool

PoseTool is a small application that allows an offline analysis of Ubitrack systems by sim-
ulating data flow graphs. Another purpose is the tuning of Kalman filters by manually or
automatically adjusting the parameters of the motion model (see sec. 6.3.1).

8.1.1 Requirements Analysis

For the requirements analysis, I again use the distinction between functional and nonfunc-
tional requirements [?]. As the PoseTool is an independent application, developed mainly
for this thesis, no external constraints in form of pseudo requirements were imposed.

Functional Requirements

Recording PoseData The PoseTool is intended to be used with real sensor data, and there-
fore some way to record PoseData events in a running DWARF system is necessary.
Especially the simultaneous recording of multiple sensors should be possible for the
simulation of more complex data flows.

Loading and Saving PoseData In order to allow repeatable evaluations, sequences of
recorded PoseData events should be saved and restored. This also allows interfacing
with external programs for more complex modifications or the generation of synthetic
tracking data.

Playback of PoseData As it is usually easier to examine the effects of the data flow compu-
tation in a real AR system than in an abstract 2D representation, it should be possible
to play back a processed sequence.

Modification of PoseData A major problem with the current DWARF tracking services is
that the covariance matrices often are guessed and the timestamps do not correctly
reflect the time that a measurement was made, but rather give a point later in the
processing chain. In order to compensate for such errors, it should be possible to scale
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the covariance matrices and to shift the timestamps by a constant offset. However,
if such corrections are found to be systematic, they should be included the tracker
service.

Data Flow Simulation The main purpose of the PoseTool is the simulation of data flow
graphs. Therefore all necessary operations (Inference, Inversion, Kalman Filters) must
be supported and it should be possible to apply one filter to the result of another. Also
the effect of prediction should be simulated.

Manual Kalman Filter Tuning For tuning a Kalman filter, it is necessary to adjust the pa-
rameters of the motion model. This should be done graphically, and the effects must
be visible immediately to allow an intuitive approach.

Automatic Kalman Filter Tuning In higher dimensions, manual adjustment of parameters
becomes increasingly difficult. One approach for automatic determination of Kalman
filter parameters is described by Azuma [?]. The PoseTool should include a similar
technique.

Visualization of PoseData Sequences To see the effects of a simulated data flow, the ap-
plication must be able to visualize sequences of PoseData events. It also should be
possible to view predicted or filtered sequences together with the original data.

Nonfunctional Requirements

The main nonfunctional requirement is the response time. In order to allow an intuitive
adjustment of Kalman filter/motion model parameters, the effect of a changed parameter
should become visible immediately. This should also work for longer chains of transforma-
tions, when a parameter at the beginning is changed.

8.1.2 Use Case Models

The use cases described here show the main principles of how the software is operated and
may serve as a reference to anyone who wants to use it. Trivial operations, such as loading
or saving are not included as their own use cases. I also do not make a distinction between
different windows for adjusting the parameters of different filters, as the general approach
is always the same. All of these windows are called ParameterWindow.

Select Sequences

This use case describes how one or multiple PoseData sequences are selected for being
used in subsequent modifications.

Participating actors Initiated by User

Entry condition 1. At least one PoseData sequence was loaded or recorded and
appears on the list in the MainWindow.
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Flow of events 2. By clicking on one sequence in the MainWindow, the first en-
try is selected and appears in inverted colors.

3. More sequences can be selected by holding the shift or control
keys while clicking.

Exit condition 4. One or more sequences in the list in the MainWindow are se-
lected and displayed in inverted colors.

Display Sequences

This use case describes how one or more PoseDataSequences are displayed.

Participating actors Initiated by User

Entry condition 1. One or more sequences are selected (includes Select
Sequences).

Flow of events 2. The User clicks on the “Display” button in the MainWindow.
3. A DisplayWindow appears which shows all selected se-

quences in different colors.
4. The User can now select which components to view, scroll,

zoom, etc.

Exit condition 5. The DisplayWindow is visible on the screen and shows the
selected sequences.

Begin Modification

This use case describes how a PoseData sequence is modified. The main purpose is to
explain the general operation of the program, and therefore it applies to all modifications
and data flow operations. The functionality and the meaning of the various parameters that
occur are either self-explaining or described in detail in the previous chapters.

Participating actors Initiated by User

Entry condition 1. One or more sequences are selected (includes Select
Sequences).

Flow of events 2. The User clicks on one of the modification buttons (Scale Co-
variance, Time Shift, Invert, Infer, Kalman Filter, etc.).

3. A new ParameterWindow appears with the parameters of
the modification.

4. A new sequence shows up in the MainWindowwhich contains
the result of the operation.

Exit condition 5. The ParameterWindow is visible on the screen.

Special requirements Multiple modifications can be started simultaneously.
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Adjust Parameters

This use case describes what happens when a parameter in a ParameterWindow is
changed.

Participating actors Initiated by User

Entry condition 1. The User modifies a parameter in the ParameterWindow
of a previously started modification (includes Begin
Modification).

Flow of events 2. The result sequence is immediately recomputed.
3. All other modifications that have the result sequence as an in-

put and whose ParameterWindows are still opened also re-
compute their result.

4. DisplayWindows that show one of the recomputed se-
quences are redrawn.

Exit condition 5. All sequences and displays reflect the change.

End Modification

This use case describes how to stop a result sequence from a modification to be recomputed.

Participating actors Initiated by User

Entry condition 1. A modification was started by the User (includes Begin
Modification).

Flow of events 2. The User clicks on the “X” button in the caption bar of the
ParameterWindow.

3. The ParameterWindow disappears.

Exit condition 4. Changes to one of the input sequences no longer cause a re-
computation.

8.1.3 User Interface

The most important windows of the PoseTool application are show in figure 8.1.

8.1.4 Automatic Kalman Filter Tuning

Most of the PoseTool features are either trivial to implement or they were already explained
in the previous chapters. However, the automatic Kalman filter tuning deserves some at-
tention. Azuma [?] explains that he is using Powell’s method, a general-purpose non-linear
optimizer for computing the parameters of his system. A non-linear optimizer generally
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Figure 8.1: Some windows of the PoseTool application.
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User Interface

MainWindow

DisplayWindow

KalmanWindow

InferenceWindow

etc.

Sequence 

Repository

PoseSequence

PoseSequence-

Collection

Worker 

Threads

KalmanThread

InferenceThread

InvertThread

etc.

TimeShiftThread

Figure 8.2: Subsystem decomposition and main classes of the PoseTool application.

tries to find a point in parameter space which minimizes a certain cost function. In case of
our Kalman filter, about the only thing we can optimize for is prediction. As the tuning is
done off-line, it is possible to compute predicted values for certain times and compare these
with the known real pose values. Because there are no real measurements available at ev-
ery time, I use interpolated values instead. So for every measurement, a predicted and a
simultaneous interpolated value is computed. This yields the following cost function:

e =
n∑

k=0

|zp,k − zi,k|2 (8.1)

The prediction distance is chosen in the KalmanWindow and the optimization starts with the
parameters manually selected there. Only the process noise parameters which are activated
in this window are optimized. Also the number of derivations has to be chosen manually.

8.1.5 System Design

This section gives a rather high-level overview of implementation and is meant as a short
introduction for anyone who wants to make extensions to it. A detailed explanation of the
single objects is omitted.

8.1.5.1 Subsystem Decomposition

The subsystem decomposition follows the popular model-view-controller (MVC) pattern.
The subsystems and their most important classes are depicted in figure 8.2.

PoseSequence Repository is the “Model” part of the MVC pattern. A PoseSequence
simply is a list of consecutive PoseData structures. It also provides a signal to notify
other parts of the application when the contents have changed, e.g. when the User has
adjusted a parameter. The PoseSequenceCollection is a singleton object which
contains all loaded or recorded PoseSequences.
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User Interface contains all the visible parts of the application. The MainWindow displays
the contents of the PoseSequenceCollection and has a number of buttons to start
modifications. The DisplayWindow visually displays a PoseSequence. The other
dialogs contain controls for adjusting the parameters of the various modifications and
data flow operations.

Worker Threads are started by the user interface when a parameter was changed and there-
fore a PoseSequence has to be recomputed. When the parameter is changed again
before the recomputation has finished, a worker thread is automatically stopped and
restarted immediately.

8.1.5.2 External Libraries

PoseTool uses the following external libraries:

Qt is used for the user interface parts, the threading, and the signals-and-slots mechanism
handles the notification when a PoseSequence has changed.

GNU Scientific Library provides an optimization algorithm which is used for the auto-
matic Kalman filter tuning.

TNT/JAMA libraries are used for all linear algebra operations, such as matrix multiplication,
inversion or eigenvalue computations.

8.1.5.3 Global Software Control

As PoseTool is based on the Qt library, the global software control is dominated by Qt’s
event loop and the signals-and-slots mechanism. Worker threads are used for the actual
computations.

8.1.6 Implementation Status

So far, everything except the recording and playback functions is implemented. For the
evaluation, the recordings were made with the existing PoseDataLogger service, which
is rather inconvenient, as a new service description needs to be created for each source.
Also, no automatic synchronization is available when multiple sources must be recorded
simultaneously.

8.2 Runtime Error Visualization

The purpose of the error visualization service is the visualization of errors in position and
orientation (covariance matrices) at runtime in a DWARF system. This may help a developer
of a Ubitrack system in understanding the effects of sensor uncertainties. As the visualiza-
tion is just a small tool, the description given here is rather informal.
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8.2.1 Requirements Analysis

The error visualization program should fulfill the following requirements:

Visualization of both positional and orientational error. As I have explained in section 5.2.2,
the covariance matrix can be visualized as an ellipsoid to show the uncertainty in posi-
tion. For displaying the orientational error, the position of the coordinate axes, which
results from that error, should be shown.

Realtime In contrast to the PoseTool, the error visualization must work in real-time in a
running system.

DWARF Integration The error visualization must run in a DWARF system to allow the easy
use as a development tool.

8.2.2 System Design

This section describes the general approach of the implementation of the error visualization.

8.2.2.1 Visualizing Errors

From section 5.2.2 we know that it is possible to visualize a covariance matrix as an ellipsoid
by computing the eigenvalues and eigenvectors. The eigenvectors give the direction of the
axes, and the eigenvalues give the lengths. To visualize the error in position, we can directly
apply this to the upper left submatrix of the 6×6 covariance matrix and display the resulting
ellipsoid at the position of the tracked object.

In order to visualize the orientational error, we can show the displacement of each of the
axes the occurs because of rotational errors. For computing this displacement, a simplified
version of the error propagation formula for the inference 6.1.2 can be derived by setting all
errors but that of the rotation to 0 and using the direction of the axis as the second translation.
The resulting covariance ellipsoid has zero extension in the direction of the axis.

A screenshot of the final visualization is given in figure 8.3. A similar approach is de-
scribed by Hoff [?], but the axes are visualized as cones to represent the rotational errors.

8.2.2.2 DWARF Integration

In order to display the covariance ellipsoid, the DWARF Viewer service is used. This allows
us to show the ellipsoid at the same place where the tracked object usually is. Therefore
the error visualization service has a Need for a ViewerControl interface. Another need
receives PoseData events. For each incoming event which has a different Source-Target-ID
pair, a new ellipsoid is created in the viewer. This allows the error visualization service to to
display multiple errors simultaneously when appropriate DWARF predicates are chosen in
the service description. After the ellipsoid is create, for all other received PoseData events
with the same Source-Target-ID pair, the orientation and scale of the ellipsoid is computed
and the transformations of the objects in the viewer are changed accordingly.
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Figure 8.3: A screenshot of the error visualization.

It should be noted that the displayed error only represents the error on the path from the
source to the target of the received event. The errors of all other transformations which par-
ticipate in displaying the objects at the correct position in the viewer do somehow influence
the position and orientation of the ellipsoid, but are not explicitly visualized.

8.2.3 Implementation Notes

For computing the eigenvalues and eigenvectors of the covariance matrix, the JAMA library
is used. A problem is that the resulting eigenvalues and their associated eigenvectors are
sorted by the magnitude of the eigenvalue. Therefore the eigenvectors can have different
order in a sequence of PoseData events, which may cause sudden rotations of the ellipsoid.
In order to compensate for this, I re-sort the eigenvectors every time to match the order from
the last event.
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In the previous chapters, mathematical methods and software components have been de-
scribed for dealing with errors in ubiquitous tracking systems. In this chapter, I will try out
these methods on real measurements to see if the goals of the thesis can be reached.

9.1 Demonstration Setup Using Two Trackers

At first, I describe the tracking setup that was used to generate the raw measurements on
which the algorithms are evaluated. The basic setup is the same that was described in section
2.3, with a mobile camera being tracked by a fixed tracker.

9.1.1 Trackers

This setup, consists of two different optical tracking technologies. For connecting to the
sensors, existing DWARF services were used.

ART DTrack

The ART DTrack is a commercial optical tracking system. In our lab we have three cameras
installed at fixed locations, which effectively realize an outside-in tracking setup. The cam-
eras contain infrared LEDs which illuminate the scene with periodical flashes. ART tracking
targets consist of rigid arrangement of retro reflective balls. ART cameras and targets are
shown in figure 9.1. The cameras also contain a feature detection logic and send the 2D lo-
cations of detected balls to a dedicated tracking computer that combines the measurements
of multiple cameras and computes the 6D pose of the targets. The final pose is sent to client
computers using UDP packets.

AR Toolkit

The AR Toolkit [?] is a freely available software library for optical marker detection and pose
reconstruction. It library detects the position and orientation of high-contrast rectangular
patterns. Two example markers are shown in figure 9.2. In our setup, a firewire iBot camera
is used, which delivers 30 frames per second at a resolution of 640 × 480 pixels. An ART
target is rigidly attached to the camera (see fig. 9.3).
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Figure 9.1: ART camera and a typical target

Ubitrack
Uis for

Figure 9.2: AR Toolkit markers

Figure 9.3: iBot camera with attached ART target

99



9 Evaluation

9.1.2 Analysis Method

For analyzing the methods derived in this thesis, the measurements of both tracking sys-
tem were recorded simultaneously using the PoseRecorder service, which already was
available from a previous project. The PoseRecorder had to be slightly modified to ac-
commodate the additional Ubitrack fields in the PoseData structure. For higher flexibility,
all the dataflow computations (Kalman filter, inference, inversion, etc.) an the analysis were
done offline using the PoseTool, described in the previous chapter. A real Ubitrack system,
consisting of DWARF components, should deliver the same results.

9.2 Results

The rest of the chapter describes the results of the evaluation. Each section shows how well
one of the goals of the thesis (see section 3.2) was reached.

9.2.1 Prediction and Kalman Filter Tuning

For the prediction, the measurements of each of the two sensors were processed and ana-
lyzed individually. A Kalman filter was tuned to deliver the best possible predicted values.
The same filter also is used in the next section to solve the measurement simultaneity prob-
lem.

Manual Kalman Filter Tuning The PoseTool gives a quite intuitive sense for the meaning
of the motion model parameters. By displaying both the original and the filtered signals, the
effects on the prediction can be seen immediately as the parameters are changed. However,
finding good values still is not easy, due to the number of degrees of freedom and the high
sensitiveness at certain positions.

Instabilities For certain parameter combinations, the Kalman filter becomes instable,
which results in high-amplitude oscillations around the true value. For the position, these
combinations however are sufficiently far away from the “good” motion model parameters.
This problem is more critical for prediction of orientation, as outliers may cause the angular
velocity to jump by ±360◦/s, which from the Kalman filter’s point of view generates almost
the same motion, but looks dramatically wrong when used for prediction e.g. of head ori-
entation. In addition, it was necessary to include a reset of the Kalman filter whenever the
filter matrices became singular.

Automatic Tuning The automatic tuning routine, described in section 8.1.4, works reason-
ably well, but depends on the quality of the input sequence as well as on the start parameters.
Therefore it is usually necessary to choose sufficiently good parameters manually and use
the automatic function for the fine tuning only.

In order to reduce the required computation time, position and orientation can be tuned
separately, which results in a faster Kalman filter execution and a lower-dimensional search
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Pos 0 Pos 1 Pos 2 Ori 0 Ori 1 Ori 2
Parameter 1 (ART) 1.1 10−6 1.2 9.7 3.1 250 1.7 10−5

Parameter 2 (AR Toolkit) 5.8 10−5 4.3 0.13 5.4 75 8.4 10−3

Table 9.1: Kalman filter parameters used in the evaluation

space for the optimizer. For optimizing the Kalman filter to an input sequence of about one
minute, between 150 and 300 optimizer iterations were necessary, which took less than a
minute on a 2 GHz Pentium 4 processor.

When tuning the motion model to the AR Toolkit measurements, a few outliers had to be
removed manually before the automatic tuning. This is because the quadratic error function
8.1 weights outliers most heavily and therefore tends towards optimizing the areas around
the outliners, which somehow decreases the prediction performance of the rest of the se-
quence.

Observations The resulting motion models which optimize the prediction performance
for the ART and AR Toolkit trackers are given in table 9.1. The parameters were determined
as described above by manually pre-tuning and the running the automatic tuning to op-
timize over a prediction distance of 50ms. The motion model parameters determine how
the different derivations are weighted. By examining the results, the following interesting
observations can be made:

• The process noise for the absolute position is almost 0, which means that incoming
measurements are used to correct only the derivations, and no averaging of absolute
positions is performed.

• The ART-optimized motion model gives more weight to the 2nd derivation of position
than to the first. This shows that the measurements produced by the ART system are
virtually free of noise and therefore even the 2nd derivation produces useable results.

• For the orientation, the 2nd derivation plays no role. There are two possible explana-
tions for this. Either the formulas derived in chapter 6 are completely wrong, or – more
likely – the orientation measurements are so noisy that higher derivations effectively
are useless.

Qualitative Analysis

To give the reader an idea of how the Kalman filtered results look like, I have applied it to
two short sequences from the ART and AR Toolkit measurements and printed the results in
figures 9.4 to 9.13. I also included examples with no prediction and a simple linear extrapo-
lation.

The figures show the measured signal together with the prediction result. The dashed lines
are the linearly interpolated measurements and only the crosses represent the actual sensor
readings. Each page includes a diagram with no prediction, where only the short intervals
between measurements are bridged by extrapolation. For the diagrams at the bottoms of the
pages, an additional prediction interval of 100ms is added.
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Figure 9.4: ART measurements without prediction.
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Figure 9.5: ART measurements without prediction shifted by 100ms.
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Figure 9.6: ART measurements with linear prediction.

-0.03

-0.02

-0.01

 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0  0.5  1  1.5  2  2.5  3

P
os

 (
m

)

Time (s)

Figure 9.7: ART measurements with linear prediction of 100ms.
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Figure 9.8: ART measurements predicted using a kalman filter.
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Figure 9.9: ART measurements predicted by 100ms using a kalman filter.
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Figure 9.10: AR Toolkit measurements with linear prediction.
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Figure 9.11: AR Toolkit measurements with linear prediction of 100ms.
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Figure 9.12: AR Toolkit measurements predicted using a kalman filter.
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Figure 9.13: AR Toolkit measurements predicted by 100ms using a kalman filter.
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Observations By closely examining the images, we can make the following observations:

• The AR Toolkit measurements are much more noisy than those of the ART system, and
therefore the linear prediction has higher fluctuations.

• We can see that the Kalman filtered sequences have a bit fewer high-frequency oscilla-
tions, but they also react slightly more sluggishly to changes in direction.

Quantitative Analysis

In case of the prediction, a quantitative analysis is relatively easy, as we can directly compare
the predicted measurements against the interpolated real measurements and add up the
errors. I compute both the average error and the root of the mean squared errors (RMS),
as the RMS value weights outliers more heavily. When the difference between both values
is high, we know that there must be many single values which greatly differ from the real
measurements.

To allow a comparison of different motion models, each of the parameter sets from table
9.1 is applied to both tracker sequences. From that we can also see to which degree a mo-
tion model is specialized to a particular type of sensor. I further compared the error against
that which appears when no prediction or a simple linear extrapolator is used. Both the “no
prediction” and the linear predictor cases can be simulated with the Kalman filter, without
the necessity to write dedicated code. No prediction is performed when the motion model
includes no derivations and the process noise is set to a very high value, so that new mea-
surements completely override the old value in the state vector. For simulating the linear
predictor, the state vector is set to include one derivation, the process noise for the absolute
value is set closely to 0, and that of the derivation to a very high one.

Observations The results of the quantitative analysis are given in tables 9.2 to 9.5. An
examination yields the following observations:

• The error in position is much higher for the AR Toolkit. This could be caused by the
fact that motions in the camera image mainly result from rotations of the camera, which
yields much faster movements than changes in the position of the camera body or the
tracked target.

• The ART system measurements contain virtually no noise, which makes the Kalman
filter give almost the same results as the linear extrapolator.

• The measurement noise of the AR Toolkit is quite high, resulting in parameter set 2
giving much better values than the linear extrapolator, especially in the RMS values.
The toolkit’s orientation values are so disastrous that no prediction results in almost
the same error as the Kalman filter. The linear extrapolator is unusable here.
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10ms 20ms 50ms 100ms 200ms
Avg RMS Avg RMS Avg RMS Avg RMS Avg RMS

EKF Parameter 1 0.31 0.44 0.58 0.86 1.44 2.00 3.64 4.82 10.7 13.7
EKF Parameter 2 0.30 0.45 0.60 0.90 1.47 2.07 3.60 4.88 9.98 13.1
Linear 0.29 0.45 0.59 0.90 1.45 2.07 3.57 4.87 9.86 13.1
No Prediction 1.37 1.79 2.74 3.58 6.82 8.88 13.6 17.6 26.8 34.9

Table 9.2: Prediction error: ART, Position (mm)

10ms 20ms 50ms 100ms 200ms
Avg RMS Avg RMS Avg RMS Avg RMS Avg RMS

EKF Parameter 1 2.75 4.02 3.97 5.83 8.03 11.9 16.6 24.4 40.3 58.6
EKF Parameter 2 1.80 2.94 2.95 4.82 6.50 10.7 13.4 21.7 29.9 46.8
Linear 1.57 3.23 3.03 6.17 7.34 15.1 15.4 30.9 33.7 64.4
No Prediction 2.01 3.03 3.89 5.49 8.81 11.9 16.5 21.5 30.2 38.8

Table 9.3: Prediction error: AR Toolkit, Position (mm)

10ms 20ms 50ms 100ms 200ms
Avg RMS Avg RMS Avg RMS Avg RMS Avg RMS

EKF Parameter 1 0.15 0.20 0.30 0.39 0.74 0.95 1.50 1.94 3.30 4.34
EKF Parameter 2 0.19 0.25 0.37 0.47 0.88 1.14 1.70 2.25 3.51 4.71
Linear 0.15 0.20 0.31 0.40 0.76 0.99 1.56 2.02 3.43 4.50
No Prediction 0.22 0.27 0.44 0.56 1.13 1.42 2.14 2.71 4.03 5.07

Table 9.4: Prediction error: ART, Orientation (deg)

10ms 20ms 50ms 100ms 200ms
Avg RMS Avg RMS Avg RMS Avg RMS Avg RMS

EKF Parameter 1 0.33 1.04 0.59 1.32 1.20 2.18 2.18 3.73 4.27 6.92
EKF Parameter 2 0.35 0.57 0.58 0.93 1.13 1.71 1.99 2.81 3.74 5.04
Linear 0.38 0.74 0.74 1.44 1.61 3.10 3.05 5.72 5.96 10.90
No Prediction 0.30 0.50 0.59 0.94 1.22 1.79 2.16 2.94 3.85 4.95

Table 9.5: Prediction error: AR Toolkit, Orientation (deg)
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Position Orientation Predictions/s Measurements/s
2 derivations 2 derivations 20.000 5.500
2 derivations none 58.000 15.000

none 2 derivations 35.000 12.000
absolute only absolute only 28.000 11.000

Table 9.6: Kalman filter performance evaluation.

Performance Measurements

For real-time applications, it is important to know how much processing time the Kalman
filter consumes. I have made separate measurements for the integration of measurements
(measurement update step) and the output of a predicted measurement (time update step).
In real systems, both steps are required, but the ration does depend on the sensor update rate
and the request rate (e.g. video update rate), and therefore giving combined results does not
make much sense.

Table 9.6 shows the results for different state vector sizes. The first row gives the runtime
of a “typical” 6 DOF Kalman filter with two derivations for both position and orientation.
The following two rows contain the results for a filter run only on position or orientation.
Finally, an EKF for the static case (position and orientation, but no derivations) is given. All
measurements were made on a Pentium 4 processor with 2 GHz.

The results clearly show that it is possible to run multiple Kalman filters in parallel on one
computer, while only consuming a small percentage of available processing power.

9.2.2 Inference and Measurement Simultaneity

In order to analyze the measurement simultaneity problem, the ART–Marker1 edge in the
example setup from section 2.3 was compute. As only the camera, but not the marker was
moved, the resulting sequence should remain constant.

When analyzing the inferred measurement sequence, four different error sources could be
identified:

Constant Time Offset

The timestamps of the measurements of the two sensors are separated by a constant offset,
because the timestamps are not set on the sensor itself, but at the time the measurements
arrive at the host computer. For the DWARF AR Toolkit implementation, this problem is
increased by the fact that the timestamp is not set by the camera, but after two intermediate
processing steps.

The result of the offset can be seen in figure 9.14, which shows a small part of the measure-
ment sequence. The solid line is the combined measurement, and the dashed line gives one
position component of the AR Toolkit measurements. In the middle of the figure, a rapid
motion of the toolkit data can be seen, which should be compensated by another motion in
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Figure 9.14: Combined measurements with constant time offset.

the ART data. The image however shows that the combined position makes a swing in both
directions.

This swing can be compensated by predicting the AR Toolkit measurements 30ms into the
future (figure 9.15). However, an even stronger swing to the upside remains, but now this is
caused by errors in the prediction.

Spontaneous Timestamp Errors

At some places in the sequence, single erroneous timestamps could be observed, which shift
the measurements by a few milliseconds. The order of measurements however is not af-
fected. Such errors may happen when the computer is busy when a new measurement ar-
rives, and the measurement is held in a buffer before the timestamp is set. The timestamps
are required in the computation of derivations, and therefore wrong timestamps also cause
swings in the resulting measurements.

Prediction Errors

The most visible jitter-like errors in the combined signal are caused by prediction errors
which result from both tracker noise and fast motions. This can be seen in the signal as an
increasing deviation from the true constant value between two measurements. Prediction
errors mainly occur when there are fast motions or accelerations. They can be reduced by
using a negative prediction distance, which effectively makes the EKF an interpolator of
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Figure 9.15: Combined measurements with time offset corrected by prediction of one sensor.

old measurements. The drawback is the introduction of an additional delay, and therefore
this technique is not suitable for real-time AR augmentations. The combined signal using
interpolated measurements is shown in figure 9.16.

Systematic Sensor Errors

Strong low-frequency deviations from the constant value are caused by systematic errors in
the sensor measurements, which are not compensated by the other tracker. In such cases,
usually a correlation between the deviation and the measurements of one sensor can be
observed. In order to reduce systematic errors, all participating trackers must be calibrated
carefully.

9.2.3 Estimating Static Relationships

In order to evaluate the estimation of static relationships, the combined measurements from
the previous section were ran through another Kalman filter. This time the purpose of the
filter was to remove all noise by computing a long-time average of the measurements. There-
fore the motion model contained no derivations and the process noise was set close to zero.
This worked very well and the filter quickly converged to a constant value for both position
and orientation. An example sequence, which shows the beginning of such an estimation is
given in figure 9.17.
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Figure 9.16: Combined measurements with time offset corrected by smoothing.
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Figure 9.17: Estimating a static relationship using a Kalman filter.
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10 Conclusion and Future Work

This last chapter contains a short summary of the thesis’ contents and the results, as well as
an outlook to potential future research directions.

10.1 Summary

In this thesis, mathematical methods and software implementation concepts have been de-
scribed for modelling and reducing both static and dynamic errors in ubiquitous tracking
systems. The most important results of the thesis are:

Error Model

The error model described in chapter 6 using the “small quaternion” representation of rota-
tional errors has proved to be very useful for ubiquitous tracking systems. Typical data flow
operations can be expressed easily and the propagation of errors is achieved by computing
Jacobian matrices.

Motion Models

For describing the dynamics of movements, motion models have been derived, which allow
an interpretation of measurements over time. They are used in order to construct Kalman
filters for optimal estimation of dynamic processes. For generating new motion models,
the PoseTool application was developed, which allows intuitive parameter adjustments by
immediately showing the effects on recorded measurement sequences.

Dynamic Kalman Filter Construction

The Kalman filter is a very powerful and flexible component in ubiquitous tracking data
flows. The time update and measurement equations for 6D pose estimation and prediction
are dynamically constructed from motion models and measurement attributes. In Ubitrack,
kalman filters can serve a number of purposes:

Prediction The Kalman filter can estimate the current position and orientation as well as
dynamic parameters, such as velocity and acceleration, which are used to compute
future poses.

Measurement Simultaneity By predicting future or past measurements, Kalman filters can
be used to generate valid data at a common point in time, even for non-synchronized
sensors.
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Sensor Fusion The Kalman filter is able to integrate measurements from different sensors
and perform data fusion by weighting measurements according to their covariance
matrix. Also the integration of relative quantities from accelerometers or gyroscopes is
possible, though some theoretical problems remain (see future work).

Estimating Static Relationships By using a special motion model, a Kalman filter effec-
tively becomes a recursive least-squares estimator, which can be used to estimate con-
stant transformations from multiple observations.

10.2 Lessons Learned

The setup of ubiquitous tracking system is more difficult than that of monolithic AR applica-
tions, because all components must handle measurement attributes such as timestamps and
error covariance matrices carefully. All timestamps must accurately describe the moment a
measurement was made and not the time of some subsequent processing or transmission.
This also requires the careful synchronization of system clocks.

Once the basic principles are understood, the mathematics required for error propagation
and Kalman filters is not difficult. However, the resulting Jacobian matrices may become
rather big and cumbersome to handle. A remedy for this may come in form of the unscented
transform and the unscented Kalman filter [?].

When used for prediction of measurements from good sensors that are almost noise-free,
the Kalman filter does not perform significantly better than a simple linear extrapolator.
However, for really bad measurements, such as the orientation values of the AR Toolkit, the
linear extrapolation is virtually unusable, while the Kalman filter at least delivers predictions
which are not worse than doing no prediction at all.

10.3 Future Work

The thesis finishes with an outlook to possible future directions of research by listing a num-
ber of problems which were identified during the work and deserve further attention.

10.3.1 Code Optimizations

While the current code does run sufficiently fast to compute multiple Kalman filters simulta-
neously on a modern portable computer, there still are numerous possible optimizations to
make in run faster. Many matrices used for error propagation and Kalman filtering contain
submatrices which either are the identity or zero. By using block matrix operations, these
steps could be significantly accelerated.

10.3.2 Adding Motion Models to the Spatial Relationship Graph

In chapter 6, the parameters used in the dynamic construction of Kalman filters have been
separated into measurement attributes, which describe properties of a sensor measurement,
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and motion models, which describe the dynamics of the relation between two objects. In
the current DWARF implementation, for simplicity, motion models also are sensor attributes,
which violates this separation. The problem could be solved by adding the motion models
as distinct edges to the spatial relationship graph. In fact, this would not even be a misuse of
the spatial relationship graph concept, because a motion model also describe a certain kind
of geometrical relationship between two objects.

Computing inferred motion models as new edges also is thinkable. From knowing that the
relationship between a room and a desk is static as well as the relationship between the room
and a lamp, the Ubitrack system can also infer a static relationship between the desk and the
lamp. Even more sophisticated transformations could be possible for inferring the motion
properties of features detected by a head-mounted camera from the dynamic properties of
the user’s head rotation.

10.3.3 Integration of Inertial Sensors

Previous work (e.g. [?]) has shown that the integration of inertial sensors significantly in-
creases the accuracy of prediction. But even for the simple case of an ART-tracked HMD
with an attached inertial tracker it is not easy to decide where to insert the edge of the iner-
tial measurements into the Spatial Relationship Graph. Strictly speaking, an inertial tracker
does measure the relative motion of its own coordinate frame, so it would make sense to
add the measurements as a loop. Such a loop however, would not help the UMA in finding
a path between the inertial tracker and the ART system for performing data fusion. Alterna-
tively, the tracker could make its measurements relative to the “World” or some other fixed
object, but in this case the UMA also would need to know that the ART system is at a fixed
location, e.g. by a motion model edge. In any case, the addition of inertial trackers does
require special logic, as it cannot be dealt with using solely the distributed path search.

10.3.4 Error Representations

The concepts described in this thesis rely on exactly known positions and orientations which
are deteriorated by Gaussian measurement noise. However, many sensors used e.g. in ubiq-
uitous computing can only tell if an object is in a certain area, but not where. For such cases,
other methods of error representation have to be used. In robotics and recent Ubicomp ap-
plications, particle filters [?] have become a popular tool for describing arbitrary probability
distributions. Particle filters represent all possible locations using a high number (often a
few hundred) of representative samples. Also the integration of inertial sensors is possible,
as shown by [?] with very promising results.

10.3.5 Using Time Error

The current PoseData structure also includes a field for “time error”, which is defined to be
the standard deviation of the measurement time. In the current implementation of the error
model, this information is not used, but it might be useful for modelling an increase in the
absolute error at high velocities. How this value can be determined reasonably and how to
exploit this information in the computations could be the subject of future research.
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10.3.6 Estimating Sensor Delay

As I have already explained in the previous chapter, precise timestamps are necessary for
good prediction accuracy. Because it is not always possible to get well-synchronized times-
tamps from all sensors, the delay between the measurement and the arrival on the host
computer sometimes must be determined by other means. Previous work [?] uses a man-
ual method by adjusting the delay between two sensors until the observed motions on the
screen match. However, in Ubitracksystems it should be possible to estimate the delay au-
tomatically from motion characteristics, when the same object is tracked by two sensors.

10.3.7 Estimating Sensor Error

For the measurements used in the evaluation of this thesis, the covariance matrices of the
measurements were more or less guessed. For future Ubitrackapplications, it should be
investigated, if it is possible to determine the sensor accuracy automatically in a running
system, possibly by using reference measurements or by computing the covariance from
sequences of slow motion.

10.3.8 Autocalibration

A big source for static tracking errors is the static field distortion (see section 3.1.1), which
can be removed by calibration. In optical systems, this is usually caused by intrinsic camera
parameters, such as focal length or lens distortion, which are either completely unconsid-
ered or the exact values are unknown. In Ubitrack systems, were redundant tracking may
be available at certain places, this could obviously be exploited to compute the distortion
parameters automatically.

In this thesis, an approach for measuring the rotation and translation of static edges has
already been described, but for other parameters like lens distortion, different techniques are
necessary. The approach described in [?] temporarily includes the sensor parameters into the
Kalman filter state vector. The problem is, that also the measurement and/or time update
functions have to be modified to model the effects caused by the calibration parameters.
Therefore, for the general case, it will be necessary to annotate each calibration parameter in
a Ubitrack system with a formula that describes how it distorts the measurements.

10.3.9 Build Bigger Setups

In order to allow for better real-world evaluations of the methods described in this thesis,
bigger tracking setups with a higher number and a higher variety of sensors are required. It
also might be interesting to see how existing multi-tracker setups from the literature can be
duplicated in Ubitrack systems.
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sensor fusion, 42, 61
service, 13
service manager, 15
shannon’s sampling theorem, 27
shared memory, 14
simultaneity assumption, 27
SLERP, 47
SPAAM, 26
spatial relationship graph, 6

merging, 23
standard deviation, 50
state vector, 56, 59, 69
static field distortion, 25
StaticCalibration, 22
synchronization delay, 28
synchronous pull, 18

time update, 58, 69
time update function, 59
timestamp, 79
tracking, 1
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tracking technologies, 33
transition matrix, 57, 59
transitive closure, 8

ultrasound, 37
UMA, 19
UML, 15
UMTS, 41
unit quaternion, 46
unscented transform, 54
update frequency, 10
update rate, 33
UTMeasurementDerivations, 80
UTMotionModel, 78
UTTimeOffset, 85

variance, 50
video see-through, 1

weighted least-squares, 54
white noise, 57
WLAN, 41
working area, 33

yaw-pitch-roll, 44
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