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Abstract

Industrial Augmented Reality (IAR) techniques can help to increase the productivity of
certain work processes by augmenting the physical scene with virtual information. TAR
brings together tasks that are traditionally performed off-line on purely virtual data,
such as industrial design, geometric layout, or metrologic evaluations, with on-line tasks
in the domain of physical objects such as prototypes, mockups, facilities or repetition
parts. This allows for a broad range of new, integrated applications. Real-time position
and orientation tracking of physical objects is needed to register these objects with the
virtual world. It can be implemented based on a variety of sensors providing spatial mea-
surements on an optical, inertial, or acoustic basis. However, tracking for IAR is often
difficult to implement, due to the constraints imposed by the working environment such
as electro magnetic interference, dirt/dust, noise, bad illumination conditions, vibrations,
occlusion, and interference with existing work processes. Sometimes, the flexibility to
quickly setup and dismantle the system is required. Nevertheless, the tracking has to be
robust and meet the accuracy requirements imposed by the intended application. Often,
this can only be accomplished by a heterogeneous multi-sensor tracking environment, a
fact that complicates the task of registering the various coordinate frames of tracking
systems, sensors, markers, and display devices with respect to one another.

This thesis describes a generic approach to deal with the complexity of heterogeneous
tracking environments. It supports the TAR engineer throughout the various design and
implementation phases of an industrial IAR scenario. An abstract semantic modeling
concept based on spatial relationship graphs (SRG) and its implementation in a graph-
ical data flow editor is presented. Modeling is based on reusable design patterns which
represent atomic sensor drivers and geometric algorithms as well as complex state-of-
the- art solutions. Real-time data flow networks can be generated automatically from
the SRG and are guaranteed to be semantically correct. Still, the data flow layer re-
mains directly accessible through a round-trip engineering approach. Based on the SRG
concept, simulation and analysis tools for a rigorous management of tracking accuracy
are described. Monte Carlo simulation helps TAR engineers to understand the proposed
system and to identify critical design issues, even before actual hardware deployment.
Expert analysis tools help them in system validation and maintenance where simula-
tion results have to be confirmed based on real measurement data. End-user analysis
tools facilitate recurring quality checks by on-site personnel during regular system op-
eration. The system has been implemented and used successfully in two real industrial
settings. The described approach simplifies and standardizes the setup, operation, and
maintenance of such TAR tracking environments.



Zusammenfassung

Techniken der Erweiterten Realitdt konnen die Produktivitdt von industriellen Arbeit-
sprozessen erhohen, indem die Sicht des Nutzers mit virtuellen Informationen angere-
ichert wird. Dazu muss Position und Orientierung realer Objekte in Echtzeit bestimmt
werden, um sie mit der virtuellen Welt registrieren zu kénnen. Filr dieses Objekt-
Tracking werden verschiedene Messprinzipien, insbesondere optische, inertiale oder akus-
tische, verwendet. Oft ist eine Kombination verschiedener Verfahren notwendig, um die
angestrebte Robustheit und Genauigkeit zu erreichen.

Diese Arbeit beschreibt einen generischen Ansatz zum Umgang mit heterogenen Track-
ing-Umgebungen, basierend auf rdumlichen Abhéangigkeitsgraphen. Das graphische Mo-
dellierkonzept vereinfacht den Umgang mit statischen und dynamischen Abhéngigkeiten
erheblich. Darauf aufbauend werden Simulations- und Analysewerkzeuge beschrieben,
die einen umfassenden Umgang mit Tracking-Genauigkeit erlauben.
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Overview

A basic prerequisite for augmented reality is tracking, i.e., the determination of the
position and orientation of physical objects in space. It is accomplished with the aid
of various sensors in a commonly heterogeneous sensor infrastructure. It is crucial to
provide means to setup and implement a robust and maintainable tracking infrastructure
to allow AR applications to spread in the industrial domain. This thesis is split into
four parts.

Part I approaches augmented reality from the point-of-view of industrial applications.
Promising scenarios are discussed first. From the discussed scenarios special require-
ments towards tracking setups in industrial augmented reality (IAR) are be derived.
The ultimate goal is a standardized method that allows for the efficient implementation
of robust and reliably accurate IAR solutions.

The next two parts represent the main contribution of this thesis. Part II elaborates
on a graphical method that eases the creation of tracking data flow networks that are
necessary to process the measurements of all involved sensors efficiently in real-time.
Typical tracking problems are analyzed and reusable best-practice solution patterns are
provided. In particular, common registration methods are analyzed that are needed to
align sensors and objects in the environment. The focus is on a generic approach that
is applicable in various different scenarios.

Part III tackles the problem of tracking accuracy. It is an elementary problem for
most TAR scenarios. The goal is to be able to guarantee a certain level of accuracy for
reliable operation. A generic concept is developed. It combines verification by simulation
with validation by empiric measurements in the target environment. By means of two
exemplary scenarios based on optical infrared tracking, the feasibility of the chosen
approach is demonstrated.

Finally, Part IV concludes the thesis. The chosen generic approach is reviewed ac-
cording to the initial problem statement given in Part I.
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Industrial Augmented Reality



1. Motivation

Generally, Industrial Augmented Reality (IAR) encompasses the integration of Aug-
mented Reality (AR) techniques into work processes with the goal of making the latter
more reliable, accurate, and efficient. This thesis deals with tracking, the real-time deter-
mination of position and orientation of objects in space. It is an important prerequisite
for AR and thus also for IAR applications.

In principle, tracking has to be distinguished from detection or localization. An object
can only be tracked continually after it has once been detected successfully. However,
this distinction is ignored in this context. Due to the common terminology in AR,
tracking includes detection and pose estimation.

Unfortunately, the proper setup of a realiable tracking system is a rather difficult
problem. To understand the tracking problem, the context of AR/IAR is clarified first.
Section 1.1 outlines the basic ideas behind Mixed-/Augmented Reality. Next, the differ-
ent subsystems necessary to build an IAR application are detailed in Chapter 1.2. The
potential of these ideas is then reflected and refined in the context of TAR applications
in Section 1.3. Based on this, Section 1.4 describes the various difficulties that arise
when trying to setup tracking for an TAR application. In this thesis, generic methods
are developed that simplify the implementation of robust and reliably accurate tracking
environments.

1.1. Mixed- and Augmented Reality

Augmented reality (AR) aims at augmenting the user’s perception of the real world by
integrating additional, virtual information.

1.1.1. Architecture of an Augmented Reality Setup

An AR application is generally composed of different subsystems[Azum 97]. A world
model represents the virtual content to be mixed with the real scene. A suitable wi-
sulization system is needed to mix both modalities by overlaying the virtual information
with the current perspective of the real world. A tracking system is needed to update
the rendering of the overlay with respect to movements of users or physical objects or
both, particularly the users head or the display he is using. Finally, an AR system also
has means for interaction with the virtual scene. These components are detailed in 1.2.



1.1.2. Taxonomy of Mixed Reality Systems

The often-cited definition of AR was given by Azuma in 1997. It lists three indispensable
requirements for an AR application [Azum 97].

e The AR system combines real and virtual information
e The AR system is interactive in real-time

e Virtual content is registered in 3D

Although there might be other means to augment the user’s reality, in the industrial
context, nowadays, mainly visual information is relevant. Milgram introduced another
definition in 1994, which has a different, more general viewpoint [Milg 94]. It defines a
“mixing ratio” between real and virtual information. Pure reality and pure virtuality
(also known as virtual reality, VR) represent two extreme values and span a continuum
also known as Milgram’s Reality- Virtuality Continuum. In between those two extremes,
mainly two intervals can be constituted: augmented reality (AR) and augmented vir-
tuality. Whereas in AR, some virtual information is incorporated into the otherwise
real world, in augmented virtuality, some real information is incorporated into the oth-
erwise virtual world. Both definitions form a general concept commonly called mized
reality. Extensions to this taxonomy of mixed reality exist. The “degree of modifica-
tion of reality or virtuality”, also called mediality, forms another continuum which is
orthogonal to the reality-virtuality continuum [Mann 02]. Again, pure reality is one of
the extreme values. On the other extreme, there is a purely imaginary world, having
nothing to do with reality. In between, reality is changed to some degree. This also
incorporates the term diminished reality, where information existing in reality is absent
in the mixed perspective. A third, orthogonal continuum can be constructed by consid-
ering the “degree of ubiquity” of the application, ranging from monolithic mainframe
computing to distributed pervasive computing, with classic PC, or wearable systems in
between [Newm 07].

Milgram’s continuum is quite helpful to classify industrial MR applications. Both, AR
and VR play a major role, as shown next. The two continua orthogonal to Milgram’s
do not yet play a major role in the classification of industrial MR applications. There
currently is not much interest to change reality towards an imaginary world in industrial
applications. This might change in the future after IAR has become commonplace,
e.g., to increase the level of comfortness for workers in exposed situations [Tonn 09].
Currently the goals are more concrete. Concerning ubiquity, industrial applications are
still situated rather on the mainframe computing end of the continuum, but maybe this
will change in the future.

1.2. Prerequisites for Industrial Augmented Reality

In this section, an overview of the subsystems needed for an IAR system is given. This
resembles the outline of a general AR application shown in Chapter 1. Since in this



thesis, the focus is on tracking, the other components are treated only to the minimal
extent that is necessary to understand the implications on questions of tracking. This
overview also touches some important usability aspects that arise with the introduction
of an TAR system in an already existing work process. More information about the
individual subsystems necessary for AR in general is given by Pentenrieder and by
Becker [Pent 07] [Pent 09] [Beck 11].

1.2.1. Virtual Content

As stated above, virtual content is needed for any AR application. There are different
ways to acquire such models.

In many industrial setups, a CAD model might already be available. This is particu-
larly true for the augmentation of assembly parts which are mostly designed in digital
design tools. A plethora of tools exists and is in productive use. They can be summarized
by the term digital factory and aim at the integration of various steps in the develop-
ment and production cycle, providing the necessary interfaces and data transformations
[Pent 07] [Pent 08] [Pent 09]. In case a certain product is only available physically, e.g.,
a clay model from product design or a competitive product, current work processes
mostly incorporate a (subsequent) digitalization step based on coordinate measurement
machines (CMM), laser scanning or the projection of stripe patterns. An overview of
such reverse engineering techniques is given for example in [Luhm 00a].

A more difficult question is how to obtain digital models of other objects such as build-
ings, machinery, installations, pillars, and so on. Even if CAD models for such objects
are available, their quality and actuality is highly questionable. Maintaining physically
applied changes in the underlying digital models is a difficult and time-consuming task.
In particular, to obtain a high-quality model, digital planning is not sufficient but the
implementation should be based on the digital model to reveal discrepancies. Metrology
provides means to verify existing models and to obtain new digital models [Luhm 00a].
Different tools are used for this purpose. One can distinguish devices with point-by-point
probing such as theodolites (see Figure 1.1(a)) and surface probing such as laserscanners
(see Figure 1.1(b)).

Regardless the type of object to be reconstructed in terms of a digital model which
can be rendered in an IAR application, the field of metrology provides suitable mea-
surement devices and algorithms. However, metrology does not only solve the problem
of reconstructing 3D models for rendering purposes. The classical field of application
for metrology rather is in the spatial reconstruction of geometric relationships. Such
information, though not suitable for visualization directly, also represents 3D content
that might be valuable for the TAR application.

Classically, a theodolite is used to measure azimuth and elevation angles for dedicated
points, from different viewing positions. To achieve good results, high-precision optics is
incorporated. The resulting geodetic network is then used to compute point positions via
trigonometric functions. Newer devices called total stations additionally include time-
of-flight laser measurements to recover the point distance. This stabilizes the geodetic
network and supersedes extra scale measurements to be taken. Recent devices automate



(a) Total station to measure 3D co- (b) Laser scanner that produces dense 3D point clouds
ordinates

Figure 1.1.: Large-area metrologic measurement devices (Courtesy of FARO Europe

GmbH & Co. KG)

the adjustment of azimuth and elevation angles. A point probe with special optics is

being continually tracked by a laser beam which originates in the base station. The latter

is constantly adapting the angles automatically to follow the point probe. Of course, this

only works for smooth movements of the point probe. Such a device covers ranges up to

60 m and comes close to what a typical tracking system provides. Therefore, the system

could also be mentioned with good reason in subection 1.2.4 about tracking systems.
Metrology typically is a time-consuming offline process with two stages.

e In the first stage, measurements are collected using theodolites or total stations.
This involves repositioning the device several times and measuring plenty of points
from each position, probably requiring manual adjustments of the azimuth and
elevation angles.

e Based on the collected data, the geodetic network is established and evaluated
using methods of adjustment theory [Luhm 00a] [Niem 08] [Koch 97]. Degrees
of freedom not determined by the measurements have to be treated by adding
additional, functional constraints. Non-linear functional relationships are treated
by solving the linearized model iteratively, good initial values are needed in this
case in order not to converge to the wrong solution. The approach is statistically
correct in the least-squares sense and yields also information about the accuracy
of the incorporated measurements as well as the estimated parameters.

Metrologic systems with point-by-point probing play an important role in embedding
an TAR application in the existing environment by registering the involved coordinate
frames. This issue is tackled from different perspectives throughout this thesis.



1.2.2. Visualization Techniques

Virtual reality (VR) has been in productive use in industry for many years. A dedicated
environment such as a CAVE [Cruz 93] or a powerwall are used for an immersive user
experience. Typically, a stereo projector setup is needed for the powerwall or each of the
at most six sides of the CAVE. The user’s eyes (in terms of the glasses he is wearing)
is tracked in the environment to adapt the stereo rendering. The images for the left
and right eyes can be separated using shutter glasses that are synchronized with the
projector andalternately serve both eyes. The single projector (per side) alternately
provides images for the left and right eyes. Alternatvely, a dual-projector can be used,
with orthogonal polarization filters in front of the lenses. The user then wears glasses
having compatible polarization filters to admit only the corresponding image for each
eye. This is also one of the major disadvantages of this technology. Only one user can
perceive correct stereo visualizations while other persons can only observe a distorted
visualization that gets worse the farther their eyes are displaced from the eyes of the
primary user. Furthermore, CAVEs and powerwalls are suitable only to a limited number
of applications, due to the fact that a dedicated environment is needed.

To mitigate this problem, the concepts of MR and AR are becoming more and more
popular. These concepts promise to be useful in many situations since they are—at
least in theory—compatible with existing environments and working processes. Differnt
display technologies are available to overlay the user’s view with virtual information.
They are explained next, together with a discussion of the individual advantages and
drawbacks.

In classical AR setups, head-mounted displays (HMD) are used [Azum 97]. They are
worn by the user in front of the eyes, similar to normal glasses. Two types of HMDs can
be distinguished, video-see-trough and optical-see-through displays.

(a) HMD (b) View through HMD

Figure 1.2.: Monoscopic head-mounted display (HMD)

Video-see-through displays only work in combination with at least one camera, two
cameras are needed for stereo perception. A video stream of the pyhsical scene is cap-
tured and augmented with the virtual scene before it is presented to the user. In an
optical-see-through display, the physical scene is observed directly. Such a device is shown



in Figure 1.2. The virtual scene is rendered and integrated into the user’s field of vision
by use of a beam combiner such as e.g., a semi-transparent mirror. The advantage of
video-see-through displays is that the physical and virtual scenes are in sync since the
video stream is presented to the user with the corresponding overlay. Unfortunately,
this introduces a lag between the point in time when a physical activity takes place and
the point in time it is observed by the user. Furthermore, the video provides only an
indirect view of reality, disqualifying video-see-through for critical tasks. In case of a
system failure, the user’s visual perception is completely blocked. In optical-see-through
displays, the augmentation lags behind physical movements, which can be annoying for
the user and often leads to nausea. There are attempts to use HMDs even in underwater
environments [Mora 09][Blum 09].

Mobile displays such as a tablet PC are another alternative. They are less immersive
than HMDs. They are installed in the environment or mounted to the user’s arm or just
carried around. A mobile display can also be mounted to a tool, as shown in 1.3.

Figure 1.3.: Intelligent welding gun. The display shows guidance information indicating
the next stud-welding position. Some already welded studs can be seen in
the upper part of the image.

In this example of an intelligent, mobile stud-welding gun, the worker is guided to the
next welding position by a purely virtual guidance shown on the display [Echt 03]. This
is not a real AR application in the sense of Azuma’s specification (see 1.1.2) since physical
and virtual information is not combined [Azum 97]. Nevertheless, both modalities are
registered in 3D and the application is fully interactive. In other contexts, the mobile
display can also be combined with a camera to obtain again a video-see-through setup,
as shown in 1.4 which shows a mobile phone AR viewer [Keit 09].

Mobile displays can principally be perceived by various users. With upcoming devices,
even stereo-visualization is possible.

Spatial displays represent a third category of available visualization systems. A projec-
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Figure 1.4.: Mobile AR viewer. A virtual object is integrated into the live video of the
real scene.

tor can be used to project virtual information onto physical scene objects. Methods are
available which yield correct visualizations even under the influence of complex object
geometry or textured surfaces or both [Bimb 05]. However, such techniques are quite
limited in the industrial context, due to complex calibration requirements and a rather
low contrast. To overcome this problem, spatial laser projectors can be used, as shown
in Figure 1.5 [Zaeh 06] [Schw 07].

Although it is quite limited with respect to the complexity of the projected graphcis,
the augmentation is clearly visible, even under disadvantageous lighting conditions.

Last but not least, there are many applications in industry that do not require at all
an explicit visualization that is registered in 3D, especially in the context of metrologic
applications. In 1.2.1, the complex offline process of metrologic measurements has been
explained. Possibly, one might rather want to have an online metrologic system, despite
the probably degraded accuracy. Although such applications can not be called AR
any longer from the visualization perspective, such applications still require interactive
registration of the virtual and real worlds, as the intelligent welding gun mentioned
above. Due to this fact, and since the focus in this thesis is laid on tracking, such
applications are explicitly included in all further considerations.

1.2.3. Interaction

In the previous sections, the discussion was about virtual information that is registered
in 3D with the physical scene and about how this information could be visualized to a
user of the TAR system.

As a third category, interaction devices have to be considered. Such devices might
occur in terms of physical tools that have been in use in the work process even before the
introduction of the TAR system, such as a simple screw driver or the already mentioned



(a) Stationary laser projector (b) Head-worn laser projector

(c) Laser projection in quality assurance ap-
plication

Figure 1.5.: Laser projector as a spatial display

stud welding gun. Interaction devices are maybe more important than display devices.
It has already been stated above (see 1.2.2) that IAR can do without any visualization
that is registered in 3D. However, interaction in 3D is often indispensable in a productive
application.

Using existing tools as interaction devices has the advantage of minimizing the changes
that have to be applied to the existing work process when introducing the TAR system.
In the stud-welding example depicted in Figure 1.3, the welding gun is not only used for
aligning the physical stud with the planned stud position as given in the virtual model.
Besides activating the welding process, pulling the trigger also changes the state of the
TAR application by switching to the next stud position. Altogether, a good symbiosis of
the existing task with the IAR improvements is obtained.



However, the tracking of such devices is offen difficult, as shown in the next subsection
(1.2.4).

Besides reusing existing tools as interaction devices, also dedicated tools can be intro-
duced, if needed. Special pointing devices or measurement tools can be used to directly
measure coordinates in 3D, a requirement that newly arises through the AR system.
Furthermore, they are suitable for selection of virtual objects or to “draw” virtual con-
tent in 3D. So-called data gloves are available for hand and maybe also finger tracking.
They are mainly used for gesture recognition.

A third group of interaction devices is given in terms of mobile tablet PCs or handheld
computers. They have already been described in the context of visualization techniques
(see 1.2.2). The fact that those devices also offer buttons or a touch screen, often makes
them a natural choice in applications where visualization and interaction is needed. A
major drawback is fact that interaction is not available in 3D which highly complicates
interaction with the 3D scene. Furthermore, frequently directing his attention at the
mobile device might distract the worker from his actual task. If interaction should
be performed with the IAR application rather than with the 3D scene, the 2D user
interface provided by mobile devices may be better suited than a 3D interaction device,
also because users are already accustomed to it.

1.2.4. Tracking Systems

The term tracking has already been used several times before in this thesis, without a
proper definition yet. It means to determine the pose (position and orientation) of an
object with respect to some coordinate system in real-time. A slightly different definition
from the computer vision community refers to tracking as following the movements of an
object once its initial position and or orientation has been determined. The process of
retrieving the initial pose/position/orientation is then called detection. This definition
is due to the fact that computer vision algorithms make heavy use of prior knowledge
about the object position/orientation/pose from already processed video frames when
processing the current frame. Due to this prior knowledge, tracking is a much easier
task than detection, which has to be accomplished without any prior knowledge. In
the context of this thesis, we stick to the more general definition of tracking given first,
which also fits non-vision sensing systems such as gyroscopes, that do not distinguish
between tracking and detection.

Tracking is needed to fulfill the following requirements:

1. Register the virtual 3D content that is supposed to be moved in space, with the
real world.

2. Register mobile displays such as HMDs or handheld devices (see 1.2.2) with the
virtual world.

3. Register mobile physical objects such as tools or pointing devices with the virtual
world.
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Please note that this list resembles the three preceding sections. At least one of those
requirements is typically needed for typical IAR applications.

Tracking represents a major challenge for IAR applications. It can be provided by a
variety of sensors [Welc 02]. Classifications according to physical principles have been
suggested by Meyer et al. [Meye 92] and Rolland et al. [Roll 00]. Optical cameras are
often used to obtain high-quality data, not only in offline photogrammetry. Different
approaches can be distinguished. They all have in common that certain 2D points in
the image are used to recover 3D information by some geometric relationships [Hart 00]
[Luhm 00a] [Atki 96].

Optical marker-based approaches use objects with a distinctive structure, so-called
fiducials, that can be segmented easily from the rest of the scene. In industrial setups,
often markers built from retro-reflective fiducials (passive) or infrared (IR) LEDs (active)
are used. Such markers can be detected easily by an IR camera. This also holds for
square markers printed on paper that have a distinctive shape and contrast and can be
detected in a normal camera image. Such systems are available on a commercial basis.
Typical markers and pointing devices are depicted in Figure 1.6.

(a) Square marker (b) Pointing device with (¢) Pointing device
passive retro-reflective fidu- with active IR
cials LEDs

Figure 1.6.: Different types of markers and pointing devices

Pointing devices or probing devices often feature a spherical tip as depicted in Fig-
ure 1.6(c) instead of a pike such as shown in Figure 1.6(b), especially high-precision
devices coming from the metrologic domain. Often drillings and clearances have to be
measured. This can be achieved quite easily and with high accuracy by taking multiple
measurements with a spherical tip, touching directly the object to be measured. For ex-
ample, the center and diameter of a circular drilling can be inferred from at least three
measurements of its rim, lying in a plane orthogonal to the drilling direction, taking
the diameter of the spherical tip into account. A pike complicates touching the rim, in
particular for drillings in sheet. It might furthermore scratch the surface.
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Marker-less approaches do not rely on fiducials. They have to extract distinctive point
(SIFT, SURF) or line features instead. The process of finding, recognizing and classifying
features can be supported by a prior learning phase, or by using digital information of
the scene, if available. Well-known examples of this category are [Klei 07] [Wagn 08]
[Wagn 10] [Bles 06] [Wust 07b] [Wust 07a].

Global tracking systems such as GPS or compasses yield low-precision measurements
that can, however, be valuable for the initialization of other trackers. See also the
discussion about tracking and detection in 1.2.1. The use of a compass, however, does
not make much sense in many industrial environments due to large deviations resulting
from metal objects. Acoustic or magnetic systems are also in use and yield good results
in certain environments.

Inertial sensors such as gyroscopes and accelerometers yield relative motion data. The
major disadvantage of inertial sensors is that they deliver the rate of change of position
or orientation speed, thus the acceleration. This is only the second derivative of the
desired position/orientation in space. Integration always requires a starting condition
and suffers from drift which accumulates over time. The amount of drift depends on the
dimensioning of the hardware. In AR, devices typically have the size of a match box
and drift invalidates the measurements after a few seconds, if no external reference is
given. Ships and airplanes are equipped with more reliable devices providing accurate
measurements for much longer periods of time.

Inertial sensors are often used in addition to other sensors which can provide the needed
starting condition. Since they have a high update rate, they can help to stabilize tracking
under fast movements and bridge the gap in case of a temporary blackout of the primary
tracking system, e.g., due to occlusion problems when using optical tracking. Typical
devices contain in one unit a gyroscope, accelerometers and a compass/inclinometer
which yields the starting condition at least with respect to orientation.

Metrologic systems have already been treated in 1.2.1, in the context of derivation
of digital 3D models and 3D reconstruction of objects. Those systems are typically
operated in a time-consuming offline mode. However, there are also metrologic devices
that provide pose data in real-time. Examples are mechanical measurement arms such
as shown in Figure 1.7 or coordinate measurement machines (CMMs).

The tip of the arm is guided manually to the point of interest. At any point in time, its
3D position is reconstructed, based on the known geometry of the individual segments
of the arm and the measured angles of its joints. This way, small volumes up to 4 m?
can be covered with a precision of approximately 0.1 mm or lower.

So-called laser trackers extend this principle to larger volumes of up to 110 m diameter.
A typical device! is shown in Figure 1.8. There is no longer a rigid connection between
base system and probe. Instead, a laser beam emitted by the base station is used
to measure the position of the probe. The latter is equipped with special optics that
reflects the laser beam towards the base station which constantly updates the azimuth
and elevation angles automaticalls to follow the movements of the probe. The achievable
accuracy depends on the distance between the probe and the base station, in a distance

!FARO ION [Faro 11b]
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Figure 1.7.: FARO mechanical measurement arm (Courtesy of FARO Europe GmbH &
Co. KG)

Figure 1.8.: FARO ION laser tracker (Courtesy of FARO Europe GmbH & Co. KQG)

of 10 m, the error is only 0.049 mm. Obviously, for a continual tracking, a direct line
of sight is needed at all times. Furthermore, only careful movements are tolerated and
multiple targets are not supported.

In the photogrammetry domain, offline and online photogrammetric systems are dis-
tinguished [Luhm 00b] [Luhm 00a]. This definition is extended to measurement systems
in general in the context of this thesis. Online metrologic devices can be seen as normal
tracking devices.

In optical or acoustic tracking, one can typically distinguish between outside-in and
inside-out tracking [Roll 00]. The former refers to a setup where rigidly installed sensors
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(e.g., cameras or microphones) observe objects with distinctive features (e.g., fiducials
or microphones) moving in the tracking volume. The latter refers to a setup where one
or several sensors moving around with the object to which they are attached, observe
stationary features in the scene. In some cases, both, sensors and objects might be mov-
able, this is sometimes referred to as inside-in tracking [Muld 94]. An example for this
approach is the NIKON iSpace metrology and tracking system [Niko 11]. Flexible com-
binations of rigidly installed and mobile laser transmitters and sensors are used to cover
large working volumes and to overcome line-of-sight problems. A tracked mechanical
measurement arm can be seamlessly hooked into the working volume without additional
referencing. A scenario based on IR tracking following a similar approach is discussed
in this thesis (see 1.3.2).

1.3. Importance of Augmented Reality in Industry

The general definition of mixed and augmented reality systems is now refined in the
context of industrial applications. Such applications are not limited to the production of
goods but comprise also related fields for example in logistics or service. The described
applications also show parallels to similar applications in other fields, such as medicine
or military. Several researchers have investigated the potential of AR in industry, e.g.,
[Pent 09] [Beck 11]. Navab describes potential “killer apps for industrial augmented
reality” in the fields of design, commissioning, manufacturing, quality control, training,
monitoring and control, and service and maintenance [Nava 04]. A review of this work is
presented in the remainder of this section, with special focus on the tracking requirements
of the proposed applications.

1.3.1. Basic Benefit of Augmented Reality Techniques

Having a virtual model that is registered with the physical scene, provides a potential
for industrial applications in two ways. An abstract overview of these two key concepts
is presented next. They have been described similarly in [Pent 09]. Several implemen-
tations of these concepts are presented in 1.3.2.

Augmented Scene

By presenting the virtual model from the view of the user, things can be displayed that
are not (yet) physically visible or existent. For example, the planned state of a facility
or the final assembly state of a product can be visualized right from the beginning of
the assembly process. This offers the opportunity to argue about arbitrary issues by a
visual inspection of the augmented scene as well as a comparison of both, the real and
virtual scene. Assembly instructions can be shown in the very location where they are
needed. The attention of the user can be easily attracted to certain locations.
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Online Metrology

In an TAR setup, it also is possible to measure positions and orientations in 3D, e.g., us-
ing a pointing device as depicted in Figure 1.6. L.e. one can recover distances and angles
on a physical object almost in real-time, unlike with other offline metrologic systems that
often require dedicated environments (e.g., CMM) or additional complex setup proce-
dures (e.g., laser tracker). Le., once an IAR tracking infrastructure is available, classical
metrologic applications can be better intertwined with the existing work processes, es-
pecially if their accuracy requirements are moderate. If a registered virtual model or
even some sort of visualization is available, the benefits of such a system are further
increased. The metrologic aspects can be directly integrated with the visual aspects of
the augmented scene. Luhmann distinguishes offline from online measurement systems
in the realm of photogrammetry [Luhm 00b] [Luhm 00a]. This can be extended to the
general context of online tracking systems.

1.3.2. Applications

An overview of typical fields of application is given in the following, describing both
the problem to be solved and the TAR system proposed for this purpose. This overview
is task-oriented. Some of the mentioned applications will be revisited several times
throughout this thesis. See also [Rege 07] [Pent 09] for overviews of IAR applications.
Furthermore, many TAR applications have been investigated in the context of the Ger-
man research projects ARVIKA [ARVI 11] [Frie 04] and AVILUS [AVIL 11].

In an industrial environment, AR applications have the highest potential when there
is a large amount of complex manual work to do. Nevertheless it is still not commonly
used due to high investment needed as well as insufficient maturity and robustness of
AR/MR technology.

Factory Planning and Change Management

Planning factories or facilities is a difficult task. A plant is only rarely constructed from
scratch. More likely, legacy installations are already available that have to be considered,
and different alternatives for modernization have to be pondered. A visual comparison
of existent physical objects with virtual objects potentially to be installed can reveal
answers to certain questions more easily than a comparison of old, maybe outdated
paper plans with the new plans. If a digital model of the existing facility is available, it
can be directly compared to the physical state of the facility. This can be useful to detect
changes implemented physically and to update the existing digital model accordingly.
Furthermore, deviations between both modalities can be detected qualitatively on a
visual basis and measured quantitatively using online metrologic techniques.

Georgel proposes a marker-less approach to automatically detect in the image the
anchor-plates that are available in many industrial environments [Geor 07]. These are
points that are typically known with high accuracy from offline metrologic measurements.
An example is depicted in Figure 1.9.
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Figure 1.9.: Planning and change management. For referencing the indicated anchor
plates are used. Their position is known with high accuracy. (Courtesy of
Pierre Fite-Georgel [Geor 07])

Interfering edge analysis is an important topic in this area. Solutions are already
available on a commercial basis?. Though the system is rather an offline metrologic
application, it uses AR overlay techniques to detect interfering edges when putting a
new car model on an existing assembly line. The analysis is based on high quality
photographs containing optical square markers attached to various objects in the scene,
as depicted in Figure 1.10(a).

(a) Setup (b) Clipping plane representing the limit

Figure 1.10.: Offline visual overlay for interfering edge analysis (Courtesy of Adam Opel
GmbH [Pent 09))

After an offline processing step involving a bundle adjustment of all markers and

2e.g., metaio [meta 11]
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all images from all positions, the virtual car model can be moved interactively on the
assembly line as shown on the images in order to detect problems. Virtual measurement
tools such as movable planes etc. are provided to support the interactive analysis, as
shown in Figure 1.10(b). The relationship between the virtual measurement tool and
the physical object in question is established via a marker that is attached to this object
before taking the images. This explains why many markers have to be attached to
the physical scene in advance. Their placement should be well-considered in order to
avoid time-consuming iterations of the whole process when objects later turn out to be a
potential collision candidate. More information on this application and tools for factory
planning in general can be found in [Pent 07] [Pent 09].

Discrepancy Checks

Especially in the naval and avionic industry, products are very complex and highly
customized. The high rate of manual work is an opportunity to create new tools using AR
technology that have the potential to decrease production time and cost. Discrepancy
checks aim at a direct comparison of the actual state of an object against its set state
given in terms of the digital model. In a qualitative discrepancy check the real object
is overlayed visually with the virtual model, or the virtual model is rendered from the
perspective of the display. Figure 1.11 shows a qualitative discrepancy check for an
airplane cabin [Keit 10b].

Figure 1.11.: Qualitative discrepancy check. The virtual model of an airplane cabin is
rendered from the perspective of the display to allow for a straightforward
review of the current state and correctness of the construction process.
(Courtesy of EADS Innovation Works [Keit 10b])

A similar example is the visualization of underground urban infrastructure such as
wires and pipes below the surface on a mobile tablet PC [Scha 09]. A sensor fusion ap-
proach is used to provide robust tracking. GPS and compass provide a rough estimate.
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Based on this, optical markerless tracking and a gyroscope allow for good registration
accuracy. In this case, the comparison aspect is less important than the mere visualiza-
tion of the otherwise hidden information. Therefore, again a purely virtual visualization
is used.

Besides that, also quantitative discrepancy checks are of major interest. With a point-
ing device such as shown in Figure 1.6, points, clearances, or drillings in the real model
can be measured and immediately compared with the set values from the pre-registered
virtual data. Already experts use metrology systems to provide measurements within the
production environment. For these precise offline measurements within an environment
as large as an aircraft, photogrammetric or laser based metrology systems are used, such
as introduced in 1.2.1. Such systems are less easily integrated in the standard produc-
tion processes and often require a fixed registration sensitive to vibrations and therefore
interrupt the production process.

No AR visualization is actually needed for interactive quantitative discrepancy checks,
though the virtual model must still be accessible in real-time by the pointing device.
Nevertheless, an integration with qualitative discrepancy checks featuring also a VR/AR
based visualization is often desired, e.g., in [Noll 06] [Pent 09] [Keit 10b]. To cover the
large area of the aircraft where the current assembly procedures are performed, it is not
feasible to deploy countless tracking systems. Therefore, a mobile tracking system is used
that is able to reference itself within the aircraft and to perform the real-time tracking
of the visualization and probing devices. This is done by adding reference markers to
the aircraft whose static transform within the aircraft’s coordinate frame is determined
in a calibration routine using an offline metrological system. Such a setup is investigated
thoroughly in this thesis.

In mass production, it is often required to apply statistical tests in order to guarantee
a certain level of quality. Many factors still can only be checked by humans. To optimize
the performance of the statistical approach, it might be necessary to randomize the tests
to be performed such that no all tests have to be performed on all products. IAR can be
used to visualize the tests to be performed chosen that have been chosen by the system
according to some algorithm. The laser projectors depicted in Figures 1.5(a) and 1.5(b)
have been used to project the chosen test locations directly onto the physical object, as
shown in 1.5(c).

Typically, high-precision IR tracking is used for such purposes. Smaller objects can
be aligned and fixed with a dedicated plate that is equipped with markers [Noll 06]. For
larger objects, markers have to be deployed to the objects themselves [Pent 09][Keit 10b].

Assembly

TAR can help in the assembly of products by showing step-by-step instructions, high-
lighting objects of interest, or by supplying guidance in the usage of tools.

One of the first IAR applications was evaluated in the aviation industry [Caud 92].
It aimed at the assembly of cable harnesses and connectors in a dedicated AR setup
focusing on a huge board to lay out the cables. The board was covered by a pattern of
fiducial markers to allow for optical inside-out tracking. Step-by-step instructions were
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shown to the workers in an HMD.

Another application, the intelligent stud-welding gun, has already been mentioned
above, see 1.2.2 [Echt 03]. In this TAR application, the worker is guided to the next
welding position by a purely virtual guidance shown on the display, as depicted in Fig-
ure 1.3. The virtual model is given in terms of a list of planned stud positions given in
the CAD model of the car. It is registered with the physical car body by some reference
points close to the axle mounting. Due to reasons related to the production process,
those points are known to be quite consistent with the CAD model. Furthermore, they
are distributed almost across the whole working volume which promises good registration
results. To ease the welding process, the car body is not installed rigidly in the scene but
tracked by infrared cameras mounted to the ceiling of the room. Retroreflective marker
balls are attached to the car body for this purpose. The welding gun is also tracked
by those cameras, using active LEDs installed on its surface. A natural problem of this
setup are occlussion that occurs at locations inside the car or under the hood where the
gun cannot be seen by the cameras as depicted in Figure 1.12.

Figure 1.12.: Occlusion problem

An indirect tracking setup could be used to mitigate this problem, with a static camera
setup mounted to the ceiling as above and a mobile camera setup mounted to a tripod.
The mobile setup is equipped with a target such that its pose can be tracked by the
static system. The mobile system in turn can “look into” the otherwise occluded areas.
This topic about the intelligent welding gun and indirect tracking in particular will be
revisited again throughout this thesis.

The relationship between the mobile setup and the tracked object could be described
as inside-in tracking [Noll 06] since both entities are moved more or less dynamically
in the scene. This term has been used first by Mulder [Muld 94], synonymously with
the term relative tracking. It is not clear, however, whether the relationship between
the mobile setup and common reference points as described above should be denoted
as inside-in or rather inside-out tracking. This certainly depends on how mobile the
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reference target actually is, whether it is considered part of the scene or rather of the
background. We stick to the term inside-out tracking for this kind of relationship.

Several researchers have worked on the combination of optical inside-out and outside-
in tracking systems. Bichlmeier et al. [Bich 06] used a reference target to combine
outside-in instrument tracking with inside-out estimation of HMD pose. In this setup,
a monocular tracking system, rigidly mounted above the HMD, tracks the reference
target. The latter is simultaneously tracked by the outside-in tracking system, such that
the pose of the HMD can be calculated with respect to the outside-in system. Fischer et
al. [Fisc 04] presented a hand-eye calibration algorithm which utilizes the combination of
a monocular inside-out and an n-ocular outside-in optical tracking system. Both works,
however, did not address the error resulting from their combined setup.

Hoff et al. [Hoff 00] have also combined inside-out and outside-in optical tracking to
improve the accuracy of tracking an HMD. They used two rigidly combined reference
targets which are simultaneously tracked by an inside-out and outside-in optical tracking
system. Based on accuracy specifications delivered by the manufacturer, they estimated
the 6 DoF tracking accuracy for each involved target and for each tracking system. The
estimated error covariances are used for sensor fusion of the inside-out and outside-in
tracking system using Kalman filtering [Kalm 60]. This approach decreases the pose
uncertainty by using two independent tracking informations.

Maintenance

As in assembly, TAR can also help in maintenance by showing step-by-step instructions
for dismantling and reassembling a technical object, by highlighting objects of interest,
or by supplying guidance in usage of tools. For example, a mobile laser projector (see also
1.5(a)) can be used to visualize such information for on-sight maintenance of military
equipment [Schw 07] as shown in Figure 1.13.

Figure 1.13.: Maintenance instructions projected onto the missile launcher
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In this example, the weapon is tracked by a markerless optical approach. Each main-
tenance step has to be trained in advance such that the object can be tracked throughout
its stages of disassembling. The laser projector is situated in the same housing as the
camera. This facilitates the calibration of the offset between those two devices that is
needed for a correct augmentation.

Picking

Picking is a logistics application where people have to collect items from a warehouse
according to a computer-generated list. This process is often not automatable, due to
the complexity and variety of the objects which requires both, human intelligence and
senses. HMDs or again a laser projector can be used as augmentation system to guide
the user to the next shelf and to show him the number of items to collect.

An HMD-based solution has been investigated by Schwerdtfeger [Schw 09] [Schw 10].
He analysed the human factors of utility and usability arising with such an application.
As an evaluation setup, a small warehouse was equipped with IR tracking cameras. A
monocular, monochrome HMD? with a retinal laser projector was chosen for visualiza-
tion, due to its high contrast.

Tracking is a difficult issue in this application, due to the large distances that have to
be covered. IR tracking alone cannot be used for a full coverage of a typical warehouse
due to its rather high price.

Workflow Analysis

Workflow analysis is not an IAR application in its own right. This task aims at recording
and analyzing typical movements of users or tools in a certain work process. Using a
tracking system, motion data is recorded such that it can be further analyzed. The final
goal is an optimization of the work process. Typical movements of persons and objects
can be extracted. This can e.g., give hints to reduce walking distances or to optimize
the location of assembly parts. Furthermore, the data helps also in the installation of a
permanent tracking system in the course of the integration of an IAR application. To give
only one example, when installing cameras in the scene, the setup should be optimized
with respect to the occlusions that might disrupt the prospective work process. An
overview of workflow analysis in the medical domain is given in [Nava 07].

1.3.3. Relations to Classical Mixed- and Augmented Reality

Recapitulating the applications outlined in the previous subsection, IAR makes sense
only in those work processes that are dominated by manual work. A process that can be
completely automated by machines or robots does not benefit from TAR. Furthermore,
robots are typically more accurate than online tracking systems since they can rely on
mechanic tracking. TAR rather aims at a better integration of humans with the work

3 Microvision Nomad [Micr 11]
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process to make the most of their unrivaled capabilites in terms of senses and the ability
to make the right decisions.

In the reality-virtuality continuum (see 1.1.2), the described applications mostly tend
to the extreme left. Only selected virtual information is incorporated into the real world.
The augmented airplane cabin features the highest degree of virtuality. Still, it is an AR
application, not augmented virtuality. It can therefore be concluded that IAR rather
brings the virtual realm into reality than vice versa.

Furthermore, it is noticeable that HMDs do not play a major role yet in IAR. Spatial
displays and mobile displays are at least as important. If an HMD is used, it is probably
monochrome and monoscopic. More immersive stereo displays are still too heavy, have
a too low contrast. See [Schw 10] for a discussion of current HMDs.

Unlike in classical AR, an TAR application does not necessarily have a visualization
of virtual information in 3D, though it is still an interactive real-time application. Even
without the 3D visualization, virtual 3D content is still registered in 3D to make it
available to the user via mobile displays such as with the intelligent welding gun, the
visualization system for subsurface pipes [Keit 08] [Beck 11] [Keit 10b].

1.3.4. Relations to Virtual Reality

Unlike virtual reality (VR), that is traditionally being used in industry by engineers and
designers in dedicated VR environments such as powerwalls or CAVEs, IAR intends to
integrate well with some real work process to be performed on real objects, by the people
that typically operate this process.

By integrating tasks that are performed traditionally on purely virtual data, such
as industrial design, geometric layout or metrologic evaluations, with tasks carried out
in the realm of real objects such as prototypes, mockups, facilities, tools or repetition
parts, IAR enables a broad range of new, integrated applications that were not possible
with a VR system. Such TAR applications can help in productive tasks such as factory
planning, change management and discrepancy checks. They can provide support in
assembly, maintenance, quality control and picking. Furthermore, they enable innovative
solutions in desing and marketing, through the combination of a generic mockup with a
plethora of virtual themes and desings.

1.3.5. Relations to Metrology

Many of the applications presented in 1.3.2 feature at least partially a metrologic pur-
pose. Some of the mentioned tasks are traditionally solved by offline metrologic tech-
niques. This brings up the question how offline metrology, online metrology, and IAR fit
together. There is a tradeoff between the high accuracy of offline measurements made by
laser-trackers or photogrammetric systems, high-precison online measurement systems
such as mechanical measurement arms and CMMs, and online tracking systems suitable
for IAR. As a consequence, some of the traditionaloffline metrologic applications might
be migrated to IAR applications in the future. However, online IAR cannot fully replace
offline metrology because the latter still provides a much higher accuracy [Luhm 00a].
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However, AR techniques have already entered the domain of offline metrology, e.g., in
terms of metaio’s Roivis factory planning toolchain (see 1.3.2). Classical AR techniques
such as optical square markers and video overlay AR are combined with high-precision
still images to result in an offline photogrammetric AR system. The decison for an offline
or online approach finally depends on the needed accuracy.

Online metrology can easily be integrated into TAR. From the AR perspective, such
devices can be considered as normal tracking systems, yet featuring a high accuracy. This
has the potential to extend the range of possible applications as well as the integration
level of existing work processes. For example, a stud-welding application similar to
that described in 1.3.2 has recently been realized at Volkswagen using a mechanical
measurement arm instead of optical IR tracking [Buck 10].

Besides directly using metrological equipment for tracking, there is also the possibility
to supplement the classical offline metrologic work process by online TAR-supported
steps. Thereby, steps that are critical for the overall accuracy can still be performed
offline. For example, establishing a high-precision wide-area reference geometry can
only be solved using thedolites or total stations and complex post processing of the
measured data. Having such a reference geometry, an online system can be hooked
up more easily and provide the needed accuracy at the same time. The discrepancy
check application in the airplane cabin described in 1.3.2 belongs to this category. It is
investigated in more detail throughout this thesis. Therby, productivity can be increased
by porting time-consuming, repetitive measurement jobs to an IAR system. For example,
measuring plenty of points on a complex physical geometry for variance analysis could be
supported by an AR visualization for guidance. To achieve this goal of flexible, hybrid
solutions, offline and online tasks have to be properly planned an integrated with each
other. Spatial Analyzer? is an example of an offline metrologic framework and toolkit.
But it also supports real-time tracking, e.g., for observing the assembly process and
finally verifying the result of the assembly.

Generally, it can be expected that both fields can benefit from each other, which
implies that offline metrologic and online tracking systems have to be integrated with
one another.

1.4. The Tracking Challenge

Tracking is needed for VR, MR, and especially (I)AR. In VR environments, it is relatively
easy to implement, due to the well-defined environment of a powerwall or CAVE where
almost no constraints in terms of an already existing environment and work process have
to be considered and where accuracy requirements play a minor role. Therefore, despite
their limited use, such environments have been used for some while in industry.

IAR on the contrary promises a much broader range of applications, mainly due
to its natural integration into existing environments and the corresponding workflows.
However, exactly this fact highly complicates the tracking problem. Large areas have to
be covered in some applications, e.g., in the airplane cabin scenario described in 1.3.2.

*New River Kinematics [Kine 11]
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Stationary facilites and tracking systems have to be combined with mobile objects, tools
and sensors. Disruptive conditions that are present in the environment have to be
compensated for. Dirt, dust, and bad illumination conditions complicates the use of
normal or IR cameras. Occlusion from physical objects constrains the usable tracking
volume by impeding a direct line of sight between cameras and markers or features.
Noise and vibrations have a negative influence on the proper calibration of all kinds
of tracking systems. Metal and electro-magnetic interference almost inhibits the use of
compasses.

Last but not least, changes to the existing environment caused by the installation
of a tracking system have to be in accordance with the existing work processes. This
constrains the modifications that can be applied to the environment and also the tools
in use. Their usability with respect to the work processes must not be hindered by the
introduction of TAR in every respect. This often requires the ability to quickly setup the
system when needed and dismantle it afterwards to avoid disturbances with other work
processes. This also brings up the need for robust methods to hook up tracking systems
quickly, when needed.

Despite all these facts, the tracking has to be robust and accurate. This require-
ment can often only be accommodated by multi-sensor setups and sensor fusion. A
tracking environment involving several sensors is also called a heterogeneous tracking
environment. This particularly includes also the integration of metrologic devices into
the process. Especially in wide-area IAR applications, offline metrologic devices can be
used to establish a basic setup by providing an accurate global coordinate frame. This
has to be properly interfaced with the real-time tracking systems (including the online
metrologig devices) in terms of dedicated “link” coordinate frames.

The goal of this thesis is to investigate these tracking issues with respect to principal
feasibility, robustness and accuracy.
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2. Tracking to Meet Industrial Criteria

Several efforts exist in the literature that state requirements in general for IAR. A
summary is presented first in 2.1. The requirements are then refined with a special focus
on tracking and the phases to be passed through when making IAR productive 2.2. Then,
concrete requirements are formulated toward a common platform for the management
of TAR tracking systems in 2.3. Although we focus on industrial applications here,
these requirements mostly apply also for other domains, e.g., for medical or military
applications.

2.1. Requirements in the Literature

Navab lists three critical requirements in his general survey of IAR Xkiller applications for
a solution to be successful: reliability, user-friendlyness, and scaleability beyond simple
prototypes [Nava 04]. Regenbrecht lists reasons for the failure of most IAR applications
that have been implemented so far: lack of robustness, reliability, quality, and practical
experience [Rege 07]. In both characterizations of the problem, tracking plays a major
role for the fulfilment of the stated requirements.

Pentenrieder reviewed these criteria to derive a catalogue of requirements in the con-
text of an offline TAR factory planning tool [Pent 09]. A special focus is thereby laid on
usability of the system and also on the accuracy of spatial measurements. In particu-
lar, besides the requirements specific for factory planning, she lists the following basic
requirements that are relevant for IAR applications in general:

e The tracking hardware must consist of simple standard components and provide a
high performance, especially in terms of accuracy. The software should run on a
standard PC. The tracking system should be usable by non-experts, easy to setup,
robust, and accurate.

e An intuitive graphical interface is needed for the following tasks:

— Scene management: Functionality is needed to handle all kinds of data that
occurs in the course of an IAR application. In particular, it should handle real
world image data, virtual 3D models, project configuration data, registration
information describing the relationship between the real and virtual worlds,
sensor calibration data and basic facilities for 3D object manipulation.

— Accuracy: The whole tracking system consisting of hardware and software
has to be precise enough to satisfy the application requirements. Errors
in all influencing systems must be reduced or prohibited. In this respect,
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the registration of virtuality and reality is very important for overall system
performance. Furthermore, quality statements must be made available and
presented to the user in an intuitive and nonetheless correct way.

— Process support: Usability is important not only for planning but also for
the preparation and collection of configuration, calibration, registration, and
model data. A special focus is laid on the registration of real and virtual
world, since it has a considerable influence on the overall accuracy.

The cited requirements concern the most important aspects of IAR in general. It

becomes clear’that tracking plays a major role in the future success of AR applications.

2.2. IAR Design Phases

It is crucial to provide means to setup and implement a robust and maintainable tracking
infrastructure to allow AR applications to spread in the industrial domain. Tools have
to be provided to support this process throughout all its phases. Particular demands of
these phases with respect to tracking have been elaborated in accordance with Becker
[Beck 11] in the context of the augmented airplane cabin scenario discussed in 1.3.2.
They are reviewed next:
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e Definition: In the definiton phase of a proposed TAR application, facilities must

be provided to outline the involved spatial relationships between all involved co-
ordinate frames in a semantically correct way. In detail, this incorporates the
specification of relationships between virtual models, world and object coordinate
frames, tracking systems and offline metrologic equipment. In this phase, also the
accuracy requirements for the application are defined. In this phase, the principal
feasibility of the proposed system has to be verified. Regarding the tracking, it
has to be ckecked whether the coverage of the proposed sensors and the estimated
accuracy is in line with the requirements. This is mainly accomplished by simu-
lation techniques such that the principal feasibility of the proposed system can be
proven before expensive purchase decisions are made.

Deployment: In this phase, the tracking system is deployed in the target environ-
ment. This involves initial registration of the rigidly installed sensors with the en-
vironement and also other static transformations. After that, the proposed system
is validated against the IAR application requirements stated during the definition
phase. A process is necessary to perform this validation, based on empirical mea-
surements taken by the real-time tracking systems and additional offline metrologic
equipment, if necessary. Ideally, these measurements confirm the proposed values
from the definition phase.

Operation and Maintenance: After approval in the validation phase, the system
goes into productive use and is now operated by non-expert users. The process
has to be continually monitored to guarantee the validated system properties.



Setup and dismantling of the system must be possible by on-site personnel, taking
into account the assured properties of the system. This means in particular that
necessary calibration and registration procedures can be carried out in a robust
and intuitive way. The need for maintenance by experts has to be restricted to
rare occasions.

Means have to be provided for proper documentation throughout all these phases.

2.3. Requirements for Management of Tracking

Based on the experiences stated in 1.2.4 and some additional considerations, the require-
ments toward a platform for the management of tracking in IAR are now formulated.
The goal is to provide a generic software approach for tracking that is compliant with the
design phases of an industrial application, as explained in 2.2. This does not contradict a
later integration of the described concepts into integrated design tools that manage also
other aspects of an TAR application (content, visualization, interaction, and tracking)
as described in 1.2.

2.3.1. Guaranteed Performance

First of all, a software framework to solve the tracking problem must fulfil the require-
ments with respect to the quality of servcie as also stated in 1.2.4, namely reliability,
robustness and accuracy. For industrial purposes, it is not sufficient to be able to setup
such a system under idealized conditions. Rather, it should be possible to guarantee
these properties throughout real, daily operation.

It must be possible to quantify the overall performance of the system in terms of
accuracy. Depending on the intended application, this can be in terms of 2D overlay
error, 3D position error, or 6DoF pose error. End-to-end error propagation in real-
time is required to provide this information to the application for each measurement.
Violations of the guaranteed quality level must be reliably detected by the system such
that users can be informed immediately about potential error conditions. Furthermore,
simulation facilites are needed to estimate the accuracy of a proposed setup based on
simple assumptions, without relying on real measurement data.

To obtain useful results from error propagation, it is necessary to quantify the results
of all input data first. This comprises real-time measurements as well as static transfor-
mations that are estimated in advance. Tools have to be provided to assess the accuracy
of both kinds in the concrete IAR setup. Vendor specifications are not always available
and often cannot be given without knowing the concrete setup.

2.3.2. Sensor Fusion

For a robust system, facilities are needed to cope with a heterogeneous sensor infrastruc-
ture, as already stated in 1.4. Sensor fusion might help to mitigate sensor errors, provide
the necessary degrees of freedom (DoF) or expand the tracking area. Durrant-Whyte
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tries to formally distinguish three types of fusion, according to the usage of available
information [Durr 88].

Competitive fusion The sensors provide information in the same location, having the
same degrees of freedom. Thus, there is redundant information which can be
used to improve the quality of the signal, e.g., by using a Kalman filter to fuse
two 6DoF poses [Kalm 60]. Alternatively, particle filters can be used. Unlike
the Kalman filter, they don’t rely on a linearized description of the problem us-
ing a Taylor expansion that is truncated after the linear part and may therefore
provide more accurate results. On the other hand, particle filters are more compu-
tationally expensive [Douc 01]. This type of fusion has also been called concurrent
fusion [Broo 97].

Complementary fusion Complementary sensors provide information in the same loca-
tion but for different degrees of freedom. A typical example is the combination of
3DoF translations from an accelerometer and 3DoF orientations from a gyroscope
to obain 6DoFposes'. This could also be called functionally complementary fusion.
Another variation is spatially or temporarily complementary fusion where different
sensors are used in different areas or at different points in time.

Cooperative fusion One sensor relies on the data of another sensor. Durrant-Whyte
gives as an example the “use of one sensor’s information to guide the search for
new observations”. Using a compass to provide global directions to an inertial
tracker would be another example. The use of offline metrologic equipment for
global registration of online tracking devices can also be considered a member of
this category. The indirect tracking setup introduced in 1.3.2 also belongs to this
category. The mobile tracking system can be used only if its pose in the global
reference frame is known. Another example is to use GPS to load the proper
feature map for markerless tracking on a mobile phone [Reit 07]. Effectively, in
many fusion schemes a measurement ”"depends” on prior measurements, e.g., in
gating for acoustic signals or region based image processing.

Often, a mixture of these categories can be observed in typical scenarios. For example,
with SCAAT (single constraint at a time) [Welc 96] [Welc 97], Welch describes a generic
mathematical method based on a Kalman filter to determine the pose from various un-
synchronized measurements that each, considered by themselves, would under-constrain
the mathematical solution. This could be interpreted as complementary fusion. All
measurements considered as a whole, however, the solution is over-determined, an indi-
cation for competitive fusion. The approach increases the update rate by incrementally
computing a new estimate whenever a measurement becomes available, and it increases
the accuracy by immediately incorporating each new measurement through statistical
filtering. Furthermore, sensor devices are auto-calibrated on-the-fly, a characteristic of
cooperative fusion. From this point of view, where all measurements are integrated in a

!This is typically handled internally, e.g., by the XSens MTi-G [XSen 11]
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single functional and statistical model, the three fusion types mentioned above cannot
be clearly distinguished. Rather, they can be considered ideal archetypes that are more
or less prevalent in a concrete fusion setup. It will be seen however (cf. 5.3.2), that from
the point of view of a tracking framework where reasoning is based on high-level mea-
surements such as positional and rotational information, the made distinction becomes
much clearer.

2.3.3. Modularization

The framework must provide a layer of abstraction for IAR applications to effectively
separate them from the tracking infrastructure. This includes a flexible and maybe also
parallel use of existing tracking facilities by different applications. A common standard
is needed for the specification of relationships between sensors and objects and the
exchange of tracking data associated with them. A similar approach is pursued for
example in the field of ubiquitous computing and location-based services by the context
toolkit [Dey 01] or the Nexus project [Hohl 99]. They integrate various sensors that
provide rough spatial or other contextual information, though not in a sense that would
allow for real-time augmentations.

The abstraction layer facilitates sharing and reuse of existing resources in terms of
hardware and software, by providing modularization concepts. This is necessary to
enable the development of best-practice solutions that can be easily adapted to new
TAR applications.

A further benefit of the modularization is an increased flexibility. Ad-hoc installation
and removal of hardware components, including the necessary calibration and registra-
tion procedures, is a key requirement, as already stated in 1.4.

The performane claims stated in 2.3.1 must not be compromised by the modularization
and abstraction. Ideally, the system shall be as reliable, robust, and accurate than a
hard-wired solution.

2.3.4. Maintainability

Maintainability is of course improved by the modularization claimed in 2.3.3. How-
ever, further aspects are relevant to accomodate all requirements arising throughout the
various development phases of an IAR application (see 2.2).

The definition and deployment stages can assumed to be taken care of by experts. An
“expert” in this context is supposed to be a person that has a general understanding of
TAR and especially also of sensor hardware, calibration and registration methods. Such a
person can be called an “IAR-engineer”. This person shall however not necessarily be a
good programmer. Expert tools must be provided for the specification of all spatial rela-
tionships, the calibration and registration of the sensors and static spatial relationships,
to verify the system based on simulation, to validate it based on real measurements, and
also to continually monitor it quickly and reliably. At any point in time, the IAR engi-
neer needs a clearly documented understanding of the current configuration. It shall be
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impossible for IAR-engineers to mistakingly give specifications of physically impossible
tracking setups.

Once the system has been made ready for productive use, the responsibilites of the
TAR-engineer are restricted to maintenance, similar to a system administrator in the
IT department. Ideally, the system is then operated by the non-expert users of the
TAR application alone. Maintenance tasks shall be institutionalized in terms of regular
service intervals to allow for the schedulability of productive operation. The need for
unscheduled maintenance has to be reduced as much as possible. This comprises also
the regular setup and dismantling of mobile components, as well as their calibration
and registration, that has to be repeated during productive use time and again. For
this purpose, robust routines are needed, that are simple and intuitive enough to be
used by a normal user. Instead of the flexibility of the expert tools, the end-user tools
shall provide only the methods that have been selected for this purpose by the TAR-
engineer during system validation. It must be possible for the end-user to monitor
the system performance at all times, during calibration/registration as well as during
runtime. Simple figures shall give information about whether the system is still running
within the specifications made by the IAR-engineer.
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3. Related Work

Many systems have been described which aim at the integration of multiple sensors and
also at providing a layer of abstraction for the applications relying on them. Examples are
the context toolkit [Dey 01] and the Nexus framework [Hohl 99] in the field of ubiquitous
computing, that have already been mentioned in 2.3.3. For real-time tracking, there are
several approaches, too. However, they are rather problem-specific and do not follow a
general purpose approach, such as, for example, the perception and control techniques
used in autonomous land vehicles [Dick 07] [Thru 05]. The architectures proposed for
this field of application heavily rely on computer vision and make strong assumptions
on the topology of the spatial relationships to be monitored [Darm 08] [Albu 02]. They
were not designed with flexibility and maintainability in mind.

More generic architectures are based on so-called data flow networks, directed graphs
whose nodes represent components for data acquisition from sensors or for data trans-
formation [Morr 94]. Components can be flexibly cross-linked, based on a small set of
data types allowed on component inputs and outputs, such as 3DoF position, 3DoF ori-
entation, or 6DoF pose, a combination of both. Such data flow networks constitute one
of the most important building blocks of ubiquitous tracking environments and provide
the necessary transformation, synchronization, and network transport of tracking data.

In the domain of multimodal user interfaces, several component-based frameworks
have been described that follow such a modular approach, though the processed data
types differ, of course. They also feature graphical rapid prototyping environments to
setup the data flow network [Serr 08] [Bouc 04] [Drag 01]. They allow for the integration
of different input devices and provide algorithms for the flexible preparation and fusion
of raw input events. A rapid prototyping environment allows the corresponding data
flow to be configured graphically, according to the application’s needs.

In rendering, scene graphs with the topology of a tree are in use for many years now as
an abstract description of the scene. [Wern 93]. The structure has obvious advantages for
understanding the topology of complex scenes in particular when spatial relationships
change over time (animation). It provides the basis for simple graphical modeling in
tools such as CATIA [CATI 11]. The spatial-relationship graph (SRG) concept to be
introduced in 5 features some parallels but also differences to the scene-graph concept
[Echt 08].

Matlab Simulink also follows an abstraction approach [Simu 11]. Basic bulding blocks
for time-varying systems are provided in the domains of communications, controls, signal
processing, video processing, and image processing. From these, arbitrary data flow
networks can be modeled, simulated, and debugged. Existing building blocks can be
combined recursively to form new building blocks. This eases reusability and results in
a hierarchical data flow layout that can be edited at the level of abstraction needed in
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each case.

For tracking, the two most prominent examples in the literature are OpenTracker
[Reit 01] and VRPN [Tayl 01]. Whereas VRPN, coming from the VR domain, focuses
on how various sensors can be linked together and how tracking data can be synchronized
and transfered via network, OpenTracker originated in AR and also includes rudimentary
support for sensor fusion.

Also noteworthy is the OSGAR system [Coel 04]. It builds upon tracking data
amongst others given by VRPN and models tracked, statically registered, or deduced
spatial relationships in a scene graph [Stra 92]. Assumed tracking and registration er-
rors can be propagated along its branches in terms of covariances, thereby providing the
application with a measure of the expected tracking accuracy.

Noteworthy is also the DWARF system to build and deploy AR applications [Baue 01]
[Wagn 05]. In a peer-to-peer architecture, tracking sensors and AR applications are
dynamically connected at runtime, using a protocol based on the description of abilities
and needs for each participating peer. No predefined data flow specification is needed,
though a particular data flow can be enforced by the proper specification of the involved
abilities and needs.

Modeling data flow networks using those systems is a great relief, compared to coding
all drivers and algorithms from scratch. However, it is still a tedious task and the
maintainability requirements are rather delimited by the fact that invalid data flows are
not excluded conceptually. Furthermore, none of the described systems provides support
for registration of statically aligned entities, an obligation for modularization and real
separation of tracking from the applications.

The probably most comprehensive system in the context of TAR has been described by
Pentenrieder [Pent 09]. It follows an integrated approach comprising not only tracking
but also content, visualization and interaction (see also 1.2). Concerning the tracking
subsystem, it provides various means to register the real and virtual worlds with each
other. End-to-end error propagation is also included to state the 2D overlay error of the
augmentations. However, this system is rather an offline metrologic system. It supports
only still images from high-precision cameras. This is also reflected in the restricted
universality regarding the specification of spatial relationships. The system detects the
pose of markers in the real image and inserts the virtual model, based on a static offset
before projecting it onto the 2D image. Pentenrieder calls this a “flat SRG” concept,
because only those spatial relationships are mapped that are needed for the factory
planning scenario. Of course, this facilitates the creation of user-friendly wizards that
guide through the application. However, the concept scales badly to more general spatial
dependencies.

An interesting concept is used by Spatial Analyzer which comes from the offline metrol-
ogy domain [Kine 11]. It aims at the integration of the 3D inspection, assembly-build,
and reverse engineering tasks. It supports all kinds of metrologic measurement devices
(laser trackers, theodolite, total station, CMM, laser scanner, GPS, photogrammetric
products), it furthermore supports the Optotrak HD tracker [Opto 11]. A generic user
interface is provided to make hardware interchangeable and increases productivity for
the user. For example, various kinds of laser trackers from different vendors can be
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controlled interchangeably in a single dialog. The full pipeline from importing CAD
data from various sources, registering it with the physical measurements, interaction,
and metrologic analysis and reporting is provided. Different algorithms for object regis-
tration are provided. However, Spatial Analyzer is not optimized for real-time tracking,
in particular not for sensor fusion. Furthermore, there is no support for the rigorous
handling of arbitrary SRGs.
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4. Approach

At Fachgebiet Augmented Reality [FAR 11], we have been working across various pro-
jects (DySenNetz [DySe 11], trackframe [trac 11], PRESENCCIA [PRES 11], AVILUS
[AVIL 11]) in a team of researchers, partially in collaboration with colleagues from Tech-
nische Universitat Graz—Institute for Computer Graphics and Vision [ICG 11] and Uni-
versity of Cambridge—Computer Laboratory [CL 11}, on a general purpose ubiquitous
tracking framework called Ubitrack. In the following sections, the general approach,
focus, and contribution of this thesis as a part of this effort is pointed out.

4.1. General Approach

One of the core concepts of Ubitrack is the spatial relationship graph (SRG) [Newm 04].
It is a directed cyclic graph whose nodes represent coordinate frames and whose edges
represent spatial transformations between these coordinate frames. An SRG is com-
posed of subgraphs, so-called spatial relationship patterns, atomary and reusable build-
ing blocks describing the spatial context of sensors and objects as provided by tracking
systems and geometric algorithms [Pust 06b]. These patterns directly relate to the op-
erational units needed for the real-time tracking data flow [Pust 06a], opening up the
possibility for a semantic way of describing tracking infrastructures.

The requirements stated in 2.3 are tackled following a two-fold approach. First, the
SRG approach is transformed into an intuitive user interface for IAR-engineers. It
is realized in terms of a software suite that is integrated with the Ubitrack tracking
framework [Hube 07] [Pust 06a]. Most notably, a graphical spatial relationship graph
and data flow editor called trackman has been developed, combining the advantages of
both, the semantic SRG and the operational data flow perspecitve, in a unique, dual
approach. trackman is a generic tool and reflects the generic approach of Ubitrack. The
experience of multiple AR/IAR scenarios was used to define its functionality.

In addition to this generic foundation, selected solutions are provided, with a particular
focus on the investigated sample scenarios. The Ubitrack framework itself is extended
for this purpose, where necessary, to provide the functionality needed for a solution.
Other aspects that are not directly related to Ubitrack and real-time tracking, especially
certain error analysis features, are tackled in the “appropriate manner”. Partially, the
required concepts are implemented in terms of Ubitrack data flows, such as a Monte
Carlo simulation framework. In addition to that, external tools and scripts are also
used.
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4.2. Focus

The main goal of this thesis is to help in solving complex tracking problems in het-
erogeneous, wide-area industrial environments with a focus on sensor fusion. However,
it follows a generic approach and is not targeted to specific application problems. All
applications that rely on real-time tracking—not only in the industrial domain—can
potentially benefit. In the following, the relations of this thesis to related questions in
the context of (I)AR is clarified.

4.2.1. Relations to other Aspects of IAR Applications

The proposed approach aims particularly at solving the tracking problem. Other issues
that arise in the context of TAR applications and have been mentioned in 1.2, such as
virtual content acquisition and handling, visualization and display devices, are generally
out of scope of this thesis. This is reasonable since from a software architecture point of
view, tracking shall be completely separated from these issues (see 2.3). Nevertheless,
there are some relationships to tracking that expand into this thesis. Displays have to
be registered with the scene or tracked in real-time. Furthermore, content acquisition
might also be related, as far as offline metrologic devices or real-time tracking systems
are incorporated into this process.

4.2.2. Sensor Fusion

In 2.3.2, a taxonomy of different sensor fusion approaches has been given. In particular,
techniques based on the Kalman filter [Kalm 60] have been subject to thorough investi-
gations in the last years. A good introduction to Kalman filtering in general has been
provided by Welch [Welc 01]. Based on this technique, he also developed the general
SCAAT pose tracking fusion framework already mentioned in 2.3.2 [Welc 96] [Welc 97].
Hoff fused an outside-in IR tracker with an inside-out optical tracker to increase the head
pose accuracy [Hoff 00]. Pustka fused 6DoF poses from an outside-in IR tracking system
with orientation measurements of a gyroscope, to make HMD visualizations more stable
under fast movements of the head [Pust 08].

The Ubitrack framework implements a variety of fusion facilities. Our reference sce-
narios, the intelligent welding gun and the augmented airplane cabin, both make use
of cooperative fusion approaches. In both scenarios, independent measurement modal-
ities including offline metrologic equipment are concatenated to transform the pose of
the tracked object to world coordinates. In addition to that, a tailor-made competitive
fusion approach is described to reduce rotation errors in the intelligent welding gun sce-
nario. A more general treatment of sensor fusion is out of scope of this thesis, please
refer to [Pust 06b] [Pust 08].

4.2.3. Dynamic Reconfiguration of Sensors

There are attempts to reconfigure automatically the constellation of sensors which con-
tribute to tracking at runtime, in a way that is transparent for the application relying
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on this tracking [Hube 07] [Pust 11]. Automatic reconfiguration of the sensors might be
desirable in environments where the type or number of sensors changes dynamically at
runtime.

In industrial setups, however, validated accuracy and robustness are required, which
can only be achieved on the basis of a static and deterministic sensor infrastructure.
Furthermore, the transparent introduction of a new sensor at runtime often requires the
registration of either the sensor (outside-in) or markers (inside-out) with the scene to
be known in advance. Otherwise, a dedicated calibration or registration routine would
have to be executed. Such a routine, however, necessitates user interaction, rendering
the automatic integration more or less useless.

Therefore, dynamic reconfiguration could make only sense when markers are assumed
to be installed in the environment and an a priori unknown number of precalibrated
inside-out trackers' were to be integrated on-the-fly. However, the verification and val-
idation of industrial processes is difficult enough. To maintain the desired quality-of-
service, concrete specifications are needed.

Dynamic reconfiguration could also play a role in very large-scale environments that
contain too many sensors to be incorporated in one constellation without degrading over-
all system performance. This case, however, is far beyond the scope of the investigated
scenarios. This, however, is not of interest for IAR.

Therefore, a strictly static sensor constellation is pursued in the context of this the-
sis. Some dynamics can still be achieved by a hard-wired sensor setup by following a
complementary or competitive fusion approach (see also 2.3.1). This way, a dynamic
reconfiguration can be circumvented by explicitly specifying all potential sensor configu-
rations in advance, which means that the latter have to be known a priori. Furthermore,
the approach does not scale very well to scenarios with large numbers of sensors or ob-
jects. Both problems are typically not present in the targeted IAR applications (see also
1.3.2).

4.2.4. Dynamic State Changes

Similar to the reconfiguration of sensors at runtime, one might also ask for an automatic
adoption of the tracking to application state changes. Such state changes might be
necessary due to a change of the involved sensors, virtual or physical objects, users,
or interaction devices. The difference to dynamic reconfiguration of sensors above (see
4.2.3) is that this can and must not be handled transparently any more, rather the
application initiates those state changes or has to react to them.

An application state change might require to change the constellation not only of
involved sensors, but also other physical or virtual objects in the scene, e.g., a marker
or the world coordinate frame. The SRG, and the data low description derived from
it, are stateless, though. Each state change requires a change in the SRG. The IAR
applications listed in 1.3 do not have a complex state logic, at least not concerning the
tracking. Typically, only one or two items are to be tracked continually.

'For example the NDI Optotrak would fulfill this requirement
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Generally, state changes are in the responsibility of the application. This responsi-
bility can however be delegated to a workflow engine, an additional abstraction layer
between the tracking and the application. Ambitions in this direction have been de-
scribed by Misslinger in the context of the commercial Unifeye [meta 11] tracking suite
[Miss 08]. It is based on a finite state machine. In a graphical editor, worksteps, so-
called actions can be defined and arranged in the desired sequence. For each workstep,
tracking, displays, virtual content, and interaction devices are parameterized accord-
ingly. Transitions between worksteps can be triggered manually (for development) or
by the occurence of standard or customized events defined by logical functions of user
input, spatial relationships such as “adjacency”, and automatic timers. Misslinger also
gives a good review of previous work in this field. Another approach based on Petri
nets to represent application states has been presented by Sandor in the context of the
DWARF tracking framework [MacW 03] [Sand 05]. Noteworthy is also [Coqu 04] and
DART, an AR add-on for Macromedia Director [Adob 11] [MacI 04].

Often, such state changes require the instantiation of a new data flow. These states
are either known in advance and a set of manually pre-modeled SRGs can be provided
to the application for these states. More difficult to handle are state changes that are
unknown a priori. The AR workflow engine or application can then rely only on solution
fragments. This issue is picked up again in 8.2.

An alternative to this deterministic way of data flow generation is the incorporation
of a Ubitrack server [Hube 07]. As already stated above, this is mainly suited for large-
scale distributed and dynamic environments. The server maintains a world-SRG based
on the descriptions of basic spatial relationships provided by all registered clients. Based
on this, it is able to serve client queries for derived spatial relationships, based on an
automatic pattern-matching approach.

Workflow engines as well as the Ubitrack server are beyond the scope of this thesis, due
to their limit relevance for IAR. The topic of integrating manually modeled static SRGs
with these concepts are touched upon again in 5 and 8. It is shown that throughout all
phases mentioned above, the SRG concept provides invaluable support.

4.2.5. Relations to Metrology

Metrology plays an important role for industrial applications. MR/AR interactive ap-
plications have to be integrated into this context. The SRG is in many respects similar
to a geodetic network. There is a huge potential to integrate the presented concepts
with design resources used in metrology [Niem 08].

This might apply for a tool like Spatial Analyzer [Kine 11| (see also Chapter 3). It
comes from the offline metrology domain, supports all kinds of devices such as theodo-
lites, total stations, laser scanners and photogrammetric devices. It follows an integrated
approach considering 3D data acquisition, registration, visualization, real-time and of-
fline measurements, data analysis, and reporting. The SRG concepts could well be
adapted to such a tool, in order to improve its usability and reduce potential sources of
erTor.
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4.3. Contribution

In this thesis, generic planning and analysis tools are presented which support the IAR
engineer throughout the various phases of two typical, industrial scenarios ranging from
definition over deployment to operation and maintenance. Those tools are based on the
semantic modeling concept called spatial relationship graph (SRG) which provides an
abstraction layer on top of the algorithmic data flow layer. This concept eases the speci-
cation of known as well as the deduction of new spatial relationships between entities
in the scene. A graphical SRG editor is presented for this purpose. Modeling is based
on reusable patterns representing the underlying sensor drivers or algorithms. Recur-
ring constellations in the scene can be condensed into easily reusable meta-patterns that
lend themselves to the evolvement of best-practice solutions. Several exemplary meta-
patterns are discussed in this context to emphasize their usefulness, a catalogue is likely
to evolve in the future. The process is further simplified by semi-automatic modeling
techniques which automize trivial steps. Dataow networks can be generated automat-
ically from the SRG and are guaranteed to be semantically correct. Still, the data
flow layer remains directly accessible through a unique round-trip engineering approach.
Part II deals with these aspects of data flow management.

Uncertainty management is an important issue and has to be considered throughout
all phases of application development. Critical steps are identified and generic tools
and techniques are presented to solve these tasks. Simulation covers the definition stage
where empirical measurements are not yet available. It is also useful during deployment
since it makes empirical measurements more understandable. The assessment of accuracy
of a concrete setup, based on real measurement data is indispensible to provide accuracy
guarantees in the deployment phase. Many industrial procedures require quick setup
and dismantling of the tracking system resulting in the need for simple recalibration
procedures and maintenance effort. Ideally, such procedures can be performed through
on site personnel without requirering detailed technological insight. Nevertheless, the
accuracy of such an installation has to comply with production tolerances at all times.
Methods are described to continually assert tracking accuracy during the operation and
maintenance phase. Part III deals with these aspects of uncertainty management.

In summary, the proposed approach reduces the amount of expert knowledge that
is needed for the administration of tracking setups. At the same time, sophisticated
setups become manageable. Part IV reviews the approaches described in Parts IT and
II1, according to the requirements specified in 2.3.

38



Part Il.
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Part II deals with the manual specification of efficient Ubitrack tracking data flows,
based on the concepts of SRGs and spatial relationship patterns [Newm 04] [Pust 06b].

Despite the automatic data flow generation facilities referred to in 4.2, manual model-
ing facilities are indispensable. Even if a Ubitrack server for automatic pattern matching
is available, domain-specific specifications still need to be done manually such that the
server can compute useful results. This incorporates the specification of sensors, markers,
and objects as well as the determination of static and tracked transformations. Further-
more, static transformations have to be estimated in advance, a task that is quite difficult
to be automated, as will be seen. Concepts to reach that goal have been described in
an accompanying thesis [Pust 11]. Last but not least, TAR environments need proven
reliability instead of unreliable automatisms.

This part starts with a general review of the Ubitrack framework and the SRG concept
in Chapter 5. This is followed by a description of the graphical modeling concepts in
Chapter 6. Based on this, some common practical modeling tasks are presented in
Chapter 7. This includes also the two sample scenarios described in 1.3 as well as best-
practice solutions to common registration problems. These practical examples show
that modeling on primitive Ubitrack data flow components can become quite complex.
Therefore, advanced modeling concepts are described in Chapter 8. They aim at dealing
with the complexity of complex scenarios by introducing a higher level of abstraction as
well as enabling reusability of existing building blocks. This is followed by a review of
the presented modeling concepts in Chapter 9.
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5. The Ubitrack Tracking Middleware

The Ubitrack [Ubi 11] tracking middleware provides a higher level of abstraction, as
compared to the data flow concepts of other tracking libraries referred to in Chap-
ter 3 [Newm 04]. It features a layered architecture as depicted in Figure 5.1.

— rpteten feret
Ubitrack Nor bit,
Middleware ‘ Middleware Layer

Data Flow Layer

Data Tracking SRG . .
Algorithms Algorithms Algorithmic Layer
[ JL BOOST j[ LAPACK j[ OpenCV ]L j Platform Abstraction Layer

Figure 5.1.: Ubitrack layered architecture

The algorithmic layer provides elementary data structures for the representation of
spatial measurements including timestamps, handling of spatial relationship graphs and
data flow networks, numerical algorithms, as well as elementary registration and fusion
algorithms.

The data flow layer provides a lightweight and dynamically reconfigurable framework
for the instantiation of data flows having the topology of a directed graph. The data
flow is energised by sensor measurements which are then processed by various data flow
components and the results are passed on the sinks of the data flow [Pust 06a].

The algorithmic and data flow layers together represent the Ubitrack library, which
can be used directly by third-party applications, via its API. Based on the common no-
tion of spatial measurements and the lightweight implementation of a runtime engine for
data flow components, the Ubitrack library eases the integration of additional function-
ality and allows for a generalized processing of spatial measurements. In his theoretic
description of a fusion framework referred to in 2.3.2, Durrant-Whyte also mentions the
necessity of a canocial description format for the representation of measurements from
the involved sensors. He explicitly mentions geometric primitives such as line segments
or planes as canonical formats, such as needed in computer vision algorithms. In the
context of Ubitrack, the major canonical descriptions, in particular 3D positional and
orientational transformations, are given in terms of the data structures provided by the
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algorithmic layer.

On top is the middleware layer. It provides additional services which can be retained
by IAR engineers and applications on an optional basis. The graphical tool trackman
supports the process of interactively describing the physical sensor and marker arrange-
ments. It is described in detail in Chapter 6. The resulting spatial relationship graphs
(SRG) not only lend themselves to long-term documentation (and visualization) of the
modeled sensor arrangement, as shown below. They also serve as a basis for the spec-
ification of data flow graphs (DFG) that can be directly instantiated by the Ubitrack
library. These DFGs can either be created manually or semi-automatically in trackman,
fully integrated with the already existing SRG, or generated fully automatically by a
Ubitrack server [Hube 07]. Architecturally, the yet non-existing workflow engine would
also reside on the middleware layer. The middleware layer thus provides a more intu-
itive way of describing data flows. Thereby, the risk of accidentally specifying physically
impossible data flows is excluded conceptually. As already stated in 4.2, we focus on
static tracking setups, i.e. on trackman.

The Ubitrack library provides a rather simplistic API for instantiating, starting, and
stopping a data flow network. The complex specification of data flows for tracking setups
is covered by UTQL, an XML-based description format that is used to parametrize the
library [Pust 07]. This allows for more flexible ways of configuration on the middleware
layer, instead of a mere programmatic setup by the AR application. This chapter con-
centrates on the Ubitrack library, reviewing the basic concepts of spatial relationship
graphs, data flow networks and spatial relationship patterns, as far as graphical modeling
is concerned. For more details, see [Hube 07] [Newm 04] [Pust 06a] [Pust 06b] [Pust 07]
[Pust 08]. In the simplest case, the XML description needed to parametrize the library,
can be edited manually by the IAR-engineer, though this is a tedious task. The fol-
lowing chapters present more advanced concepts based on manual and semi-automatic
modeling.

5.1. Spatial Relationship Graphs

The concept of spatial relationship graphs (SRGs) was proposed in [Newm 04]. It opens
up the possibility for a semantic, high-level specification of tracking infrastructures.

5.1.1. Definition

A simple example is shown in Figure 5.2(a). SRGs are directed cyclic graphs which
capture the structure of a tracking environment by describing the static and dynamic
spatial properties of objects in the environment. The nodes of SRGs represent the local
coordinate frames of real or virtual objects and sensors. A directed edge from A to
B represents the spatial transformation H ﬁ between coordinate frames A and B, i.e.,
the pose (position and orientation, 6DoF) of coordinate frame B relative to frame A.
Analogously, the transformation p,, = H ﬁp g, transforms points pg. in frame B to py,
in frame A.
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In Figure 5.2(a), the top node refers to a tracker that tracks the poses of two objects,
represented by the bottom two nodes. The right one represents a head-mounted display,
the left one refers to a generic target. For instance, the applications might want to render
some virtual object on top of it. The directed solid edges represent the (dynamically
changing) spatial relationships between the tracker and the two objects.

Target Pose [Pose] Inverted ‘Pose [Pose]

HMD Pose [Pose]
HMD Pose [Pose]
''''' Product [Pose]

Target Pose [Pose]

(a) Base SRG (b) Full SRG

Figure 5.2.: (a) Exemplary SRG with a sensor tracking two targets. The solid lines depict
tracking information that is continually measured and updated. The dashed
line depicts spatial information that can be derived from the tracking data.
(b) Additional solid lines indicate the respective mathematical operations
(inversion, concatenation) on the tracking data.

The dashed edge in the base SRG shown in Figure 5.2(a) describes a request to deter-
mine the spatial relationship between the tracked HMD and the tracked generic target.
This relationship is not measured directly but can be derived by considering the known
spatial relationships of both objects to the tracker. Figure 5.2(b) shows the resulting
full SRG that does not contain any more dashed edges. Two new edges have been added
to the SRG: one reversing the spatial relationship between the tracker and the HMD,
and the other one replacing the dashed edge by concatenating the inverted edge from
the HMD to the tracker with the edge from the tracker to the generic target.

5.1.2. Edge Characteristics

SRG edges represent a number of sensing characteristics that have to be considered in
the manual or automated data flow construction process [Pust 06a]. The following two
properties are immanent to the pattern and may only be changed at construction time.

Data type Most importantly, a spatial transformation can have varying degrees of free-
dom (DoF), ranging from 2 or 3 translational DoF for wide-area sensors such as
GPS or WiFi based trackers, over 3 rotational DoF for sensors such as gyroscopes
and compasses to full 6DoF poses of optical feature-based or marker-based track-
ers for small-area VR or AR setups [Pust 08]. Accordingly, the most important
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data types are 2D Position, 3D Position, 3D Rotation, and Pose (6DoF position and
orientation). They also exist in an extended version including uncertainty infor-
mation, e.g., 3D Error Position and Error Pose. Instead of a single measurement,
an edge can also represent a bunch of measurements. This is particularly useful to
describe large or a priori unknown numbers of measurements, such as a cloud of
feature points in 2D or 3D. For this, the data types 2D Position List, 3D Position
List, 3D Rotation List, and Pose List are used. More complex aggregates are not al-
lowed. Pose is the most used data type throughout this thesis; unlike in Figure 5.2
it is often not explicitly stated in the remaining SRG diagrams to compactify the
representation.

Synchronization type Another important property of an edge describes synchronization
issues. If the spatial transformation associated with the edge can be updated at
discrete points in time only, e.g., by a sensor providing updates at a constant
framerate, the synchronization type is PUSH. If the spatial transformation can be
updated at any point in time, the synchronization type is PULL. The complexities
arising from this distinction are discussed in 5.4. In SRG diagrams throughout
this thesis, edges of type PUSH are depicted in a reddish color (as in Figure 5.2)
whereas edges of type PULL are depicted in green.

At runtime, an SRG edge represents the measurements of a certain spatial transfor-
mation between two coordinate systems (nodes) over time. In general, new estimates
for the spatial transformation may arrive in real-time. A measurement consists of a
timestamp and the actual payload according to the chosen data type. The timestamp is
relevant for data flow synchronization purposes, especially if several sensors are used.

5.1.3. Related Concepts

SRGs are similar to scene graphs in computer graphics [Stra 92]. Yet, in contrast to scene
graphs, SRGs do not imply a pre-defined hierarchical ordering of the nodes. Rather,
SRGs are cyclic directed graphs, unlike scene graphs that have a tree-like topology.
Applications can request any node in an SRG to assume the role of a root node, requiring
the traversal through parts of the SRG from this node to a specified leave node. For a
detailed comparison of scene graphs and SRGs, see [Echt 08].

SRGs also resemble geodetic networks in metrology where 2D or 3D points are esti-
mated with a theodolite [Niem 08]. Figure 5.3 depicts a simple geodetic network.

Usually, the theodolite is placed at different locations and the distances and angles
towards other points are measured from there. In 3D, the coordinates of a new point
can be determined from the azimuth and elevation angles as well as the distance mea-
sured from a single known point. Such measurements are provided by a total station,
for example. Measuring the same point from different known locations results in an
overdetermined estimation problem. In the example, there are no known points, rather
all unknown points are estimated based on measurements from several other unknown
points. Since no absolute coordinates are given, only the inner geometry of the net-
work can be estimated. Note that the geodetic network contains cycles if and only if
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Figure 5.3.: Simple planar geodetic network. The points represent coordinates, measured
distances are represented by edges, measured azimuth angles are indicated
by small slashes orthogonal to the edges. The ellipses represent the covari-
ances of the estimated points. (Example according to [Niem 08])

the estimation problem is overdetermined. By removing some of the edges of the net-
work one would ultimately obtain a minimum spanning tree resembling a scene graph
again. Therefore, a major difference between an SRG and a scene graph is the potential
overdetermination of spatial measurements.

An SRG may also contain cycles in the non-overdetermined case, merely by making
implicit information explicit, such as the SRG depicted in Figure 5.2(b). The edge
between HMD and target does not represent new information, it is inferred from the
other two edges.

If multiple independent trackers are tracking the same objects, however, and the
transformations between those trackers are known, the SRG might contain multiple
paths to determine the spatial relationship in question. Such cycles are essential for
exploiting redundancy in tracking setups. They provide a means to register sensors
or objects by using complementary tracking information (i.e., an alternate path in the
graph). They also allow system monitoring and the detection of faulty (miscalibrated)
sensors. This is picked up again in 14.2.

5.2. Data Flow Networks

The SRG provides an abstraction of the data flow layer. It is descriptive rather than an
operational specification of a certain setup and is not directly usable by an application.
Rather, for efficient use by the Ubitrack runtime system that is included into the appli-
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cations, the SRG has to be converted into a data flow network (DFN). DENs consist of
computational units that operate on tracking data.

A DFN is an instance of a data flow graph (DFG). DFGs are directed graphs and
their nodes specify the data flow components to be instantiated in the DFN. In general,
a data flow component has input ports and output ports. An input port consumes data
needed by the component; it is represented by a dashed edge in the SRG unless a
provider of the data is specified (cf. Figures 5.2(a) and 5.2(b)). An output port provides
the computation result; it corresponds to a solid edge in the SRG. In the DFG, edges
represent the flow of tracking data between data flow components; they always connect
an output port with an input port. An input port is connected to exactly one output
port, whereas an output port can be connected to several input ports. Sources in a DFG
generally represent sources of tracking data (i.e. tracking devices). Sinks correspond to
interfaces to applications or to other data flow graphs.

Figure 5.4.: DFG corresponding to the SRG shown in Figure 5.2(b). An inversion, fol-
lowed by a multiplication is needed to compute the dashed edge of Fig-
ure 5.2(a) from the two solid edges. Connections between ports have been
omitted where possible to compactify the representation.

Figure 5.4 shows the DFG that computes the spatial relationship between the HMD
and the target in the SRG of Figure 5.2. The tracking data of the HMD is inverted and
then concatenated with the tracking data of the target. The red color indicates that
measurement updates are driven by the sensors, which are completely colored red. The
short term SRG is sometimes used to denote a full SRG including all the derived spatial
relationships and its corresponding DFG if it is clear from the context that the DFG is
meant.

In general, cycles in the DFG are allowd, resulting in a directed cyclic graph structure.
Often, however, the DFG adopts the topology of a tree with a single sink component
(the transformation needed by the application) as its root, as in the example depicted
in Figure 5.4.

The Ubitrack runtime environment executes such data flow networks. At this level,
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Ubitrack is comparable to the approaches taken in other systems described in 3 such
as OpenTracker [Reit 01]. In fact, we are able to export data flow networks that have
been generated from SRGs into applications that use OpenTracker, using the Ubiquitous
Tracking Query Language (UTQL) XML data exchange format [Pust 07][Newm 07]. As
will be seen, the DFG is sometimes needed in addition to the SRG for expert modeling,
especially when synchronization issues have to be solved.

5.3. Spatial Relationship Patterns

The previous section have introduced the basic concepts of working with SRGs and
patterns, using a rather simplistic example. This section describes formally, how SRGs
can be transformed into DFGs. To this end, Pustka introduced the concept of spatial
relationship patterns [Pust 06b]. They are the elementary building blocks that allow the
user to make use of the diversity of sensor drivers, algorithms, and application interfaces
provided by the Ubitrack framework.

5.3.1. Definition

A pattern is a template SRG that corresponds to a computational unit called a data flow
component, i.e. a node, in a DFG. Each pattern / data flow component is associated
with a pattern ID that is unique throughout the whole DFG. It is needed to interface
particular data flow components from the outside. For this purpose, the pattern ID has
to be chosen deliberately by the AR engineer for some components.

Tracking data is provided to the data flow component via its input ports. The data
is used for the computation of some result which is then sent out via its output. Good
examples are the Inversion and Multiplication components in the DFG shown in Figure 5.4.

' A Inverted Measurement [Pose]
N 7 e —
N Measurement [Posel\ « =
= _*' .

(a) Full pattern (b) Data flow compo-
nent

Figure 5.5.: Inversion basic spatial relationship pattern and corresponding data flow com-
ponent for the inversion of spatial relationships or edges in the SRG

Spatial relationship patterns describe the effect of a computational unit on an SRG.
For example, the Inversion pattern/component in Figure 5.5 states that, for a given
SRG edge from node A to B, a new edge is added to the SRG going in the reverse
direction. Similarly, the Multiplication pattern/component in Figure 5.6 states that an
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Figure 5.6.: Multiplication basic spatial relationship pattern and corresponding data flow
component for the concatenation of spatial relationships or edges in the SRG

SRG edge from A to B, and an edge from B to C can be concatenated by multiplying
the transformations. As a result, a new edge from A to C can be added to the SRG.

Component inputs in the DFG correspond to input edges of the pattern. They are
shown as dashed lines, and the associated input nodes as dashed circles. The resulting
component output in the DFG corresponds to an output edge of the pattern. It is shown
by a solid line, and the additionally added output nodes (if any) by a solid circle. In
other words, the dashed part, the input section of the pattern has to be already available
in the SRG such that the pattern can be applied and the solid part, the output section,
can be added to the SRG.

ART.
Tracker
Measurement [Pose]
{ ART.
Marker

(a) Base pattern (b) Data flow source
component

Figure 5.7.: Spatial relationship base pattern and corresponding data flow source com-
ponent representing a typical tracking device

Syntactical compliance of the input section of an additional pattern with the existing
SRG is the basic requirement for embedding this pattern. As an additional constraint,
the data types and synchronization types (see 5.1.2) of the involved input and output
edges have to comply or embeddeding is not allowed.

Some patterns/components, however, such as those depicted in Figures 5.5 and 5.6
above, have edges/ports whose synchronization type is initially undetermined. Unless
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Figure 5.8.: Application Push Sink spatial relationship query pattern and corresponding
data flow sink component representing a typical application interface to the
Ubitrack data flow.

the synchronization type of such an edge/port becomes determined by embedding the
pattern in the SRG, the edge is depicted in black and the data flow port in gray. The
concrete mechanisms for this are detailed below in 5.4.1.

Either the input or output section of a pattern may be empty. According to this
pattern signature, three different types can be distinguished:

Base patterns have an empty input section. The Tracker pattern depicted in Fig-
ure 5.7(a) is an example of that category. The corresponding component is de-
picted in Figure 5.7(b). Since it has an empty input section, no requirements with
respect to the current SRG have to be fulfilled and it can always be added to the
SRG. It is used to add tracking devices as source computational units to the DFG.
One might think of an axiom in formal logic. From the data flow point-of-view,
base patterns represent data sources injecting tracking data into the data flow
network.

Full patterns such as shown in Figures 5.5 and 5.6 have both, a non-empty input and a
non-empty output section. They may be applied if the graph structure described
in the input section can be matched to the current SRG. The graph structure
described by the output section is then added, resulting in an enriched SRG. This
corresponds to a rule of inference in formal logic, having a set of premises as
well as a conclusion. From the data flow point-of-view, full patterns deduce new
information from existing information.

Query patterns have an empty output section. They connect the tracking setup to an
application, in form of a query for information about a specific spatial relation-
ship in a scene. An example is the pose of the target relative to the HMD in
Figure 5.2(a). This is shown in Figure 5.8 on the example of the Application Push
Sink pattern. Query patterns can be applied if the input section matches (like
full patterns), however, no new information is added to the SRG. From the data
flow point-of-view, query patterns represent data sinks transferring tracking data
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to applications, storing it in a file or sending it to a corresponding data source in
another data flow network.

Due to the correspondence of spatial relationhip pattern and computational unit,
base/full/query patterns are atomic and cannot be dissected. They represent the ele-
mentary building blocks from which more complex SRG structures can be built.

5.3.2. A Catalogue of Spatial Relationship Patterns

A large number of patterns and associated computational units have already been in-
tegrated into Ubitrack [Pust 06b]! On the one hand, this results from a great variety
of sensor drivers and algorithms provided by the Ubitrack library. On the other hand,
many patterns exist in multiple versions, differing only in the transformation type of
their input and output edges. For example, among others, there are Inversion patterns
for edges of type Pose, 3D Position and 3D Rotation. To support the user in dealing with
this pattern diversity, a schema is needed for their categorization.

The most important aspect of a pattern is its structure, which allows for a categoriza-
tion of patterns in base, full, and query patterns, as already stated in 5.3.1. From the
data flow point-of-view, base patterns represent data sources that inject tracking data
into the network, full patterns transform it until it finally reaches sinks in terms of query
patterns.

This point of view only considers the structural aspects of pattern, in other words their
syntax. Alternatively, one might examine patterns according to their intended purpose,
or their semantics. The following major categories can be distinguished:

Sensor-/tracker patterns describe how tracking data is provided to the data flow net-

work. This mainly comprises driver components retrieving data from hardware,
such as shown in Figure 5.7. Sensor patterns typically have synchronization type
PUSH; they deliver updated measurements at the framerate of the sensor, e.g., 50
fps for a camera.
Other tracker patterns represent tracking algorithms that require input data
from another sensor pattern, such as the PTAM (Parallel Tracking and Mapping)
[Klei 07] natural feature tracking pattern depicted in Figure 5.11(a) which needs
a camera image provided by some Framegrabber pattern in order to compute the
pose of the Camera with respect to a pre-trained Feature Map.

Basic patterns describe trivial transformation steps such as inversion or interpolation of
a transformation or concatenation of two transformations. The patterns depicted
in Figures 5.5 and 5.6 belong to this category.

Calibration/registration patterns represent algorithms for the estimation of static spa-
tial transformations under certain boundary conditions.
The Absolute Orientation pattern (see Figure 5.9(a)) estimates the Pose transforma-
tion between two coordinate frames using at least three corresponding 3D Position

LCurrently, there are already more than 200 patterns, and this number will probably further increase.
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measurements of a common Feature [Horn 87] [Egge 97]. The point features must
be in a general constellation, i.e. they must not be collinear.

The Hand-Eye Calibration pattern (see Figure 5.9(b)) estimates the Hand-Eye Pose
transformation using at least two corresponding Pose measurements for Robot-
Hand and Eye-World [Tsai 88]. The underlying algorithm was first used in the
robotics domain to estimate the offset of a camera mounted to the arm of a robot.
Thereby, the pose of the arm is known from the robot kinematics, as well as the
pose of a static reference target seen by the camera.

The Tip Calibration pattern estimates the 3D Position offset of a tip such as in
Figure 1.6(b) and 1.6(c) with respect to the marker attached to the end of the
device. Different Pose measurements have to be collected for the marker while the
tip is kept in a constant position. For this, the tip is put on a surface or a special
calibration adapter while the marker descripes a spherical movement. The SPAAM
Calibration pattern (see Figure 5.9(d)) estimates a projection matrix with 11DoF
(extrinsic and intrinsic camera parameters) from 2D Position and 3D Position mea-
surements [Tsai 87][Tuce 02][Hart 00]. The registration is based on the manual
alignment of displayed 2D points with a single 3D point given in world coordinates
from various viewpoints. The SPAAM method assumes a marker to be attached
rigidly to the display. Knowing the pose of this marker in world coordinates from
the tracking system, the single 3D point can always be transferred to the marker
coordinate system which allows the display (or head in case of an HMD) to be
moved freely during the calibration procedure. At least six corresponding mea-
surements in 2D and 3D are needed to solve for the 11DokF.

Many alternative algorithms exist for the solution of the mentioned registration
problems. The referenced solution corresponds to the Ubitrack implementation.
Bauer provides a much broader review [Baue 07]. Pentenrieder investigates differ-
ent methods in the context of TAR [Pent 09]. The application of the patterns in
realistic registration procedures for IAR are described in 7.2.



Fusion patterns represent algorithms for competitive fusion or complementary fusion

(according to 2.3.2) which can be used to somehow fuse tracking data to obtain
a better, more accurate or a more general result. The Functional Fusion pattern
depicted in Figure 5.10(a) combines 3D Position and 3D Rotation measurements in
a single Pose measurement (complementary fusion). Time-complementary fusion
can be achieved easily, e.g., using the Pose Complementary Fusion pattern depicted
in Figure 5.10(b). It conducts Input A if available, otherwise Input B. The signa-
ture of this pattern also describes a Pose Kalman Filter which combines two Pose
measurements from independent sources to obtain a single Pose measurement with
higher accuracy (competitive fusion). Other variants of the Kalman Filter pattern,
differing in the types and numbers of input measurements, are conceivable or al-
ready exist in Ubitrack.
Simple forms of cooperative fusion can be accomplished by a suitable combination
of general-purpose patterns in the SRG, rather than by a dedicated “competitive
fusion pattern”. To realize this, consider the indirect tracking setup introduced in
1.3.2. The mobile tracking system (dependent tracker) can be used only if its pose
in the global reference frame is known (independent tracker). Basically, this is
the concatentation of two sensor patterns (cf. Figure 5.7), using the Multiplication
pattern (cf. Figure 5.6). In this simple example, the dependent tracker does not
even know about the independent tracker. In the general cooperative fusion case,
however, the dependent tracker obtains initialization data (e.g., for region based
image processing) via a dedicated input edge in its pattern. The result is a hybrid
tracker- and fusion pattern, such as the variant of the PTAM pattern depicted in
Figure 5.11(b) [Klei 07]. In this variant, two pre-trained Feature Maps are available
for tracking; their poses with respect to World need to be given. Depending on the
Reference Input pose of the Camera with respect to the World, the implementation
decides about which Feature Map to use for tracking. Initially, the Reference Pose
has to be given by another tracker, in a cooperative fusion setup. Variants with
more Feature Maps are available. See also 2.3.2 for a discussion.

Persistence patterns represent components that write tracking or calibration data to
a file or read it from there. For persistence patterns, there exist pairs of cor-
responding base and query patterns, such as Player and Recorder for logging and
replaying tracking data or Calibration Reader and Calibration Writer for maintaining
the calibration or registration data of a static transformation in files.

Network patterns represent components that send/receive tracking data to/from the
network. They are needed to link independent DFNs running on independent
Ubitrack peers. Such as persistence patterns, network patterns also feature cor-
responding base and query patterns. Corresponding pairs of Network Sink and
Network Source patterns are identified according to their identical pattern IDs.

Application patterns represent components that transfer or receive tracking data to /
from an application. This principally enables applications not only to consume
tracking data but also to transform it somehow and reinject it into the data flow
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network. Such as persistence and network patterns, application patterns also fea-
ture corresponding base and query patterns.

The Application Push Source, Application Pull Source, Application Push Sink and
Application Pull Sink patterns represent endpoints in the DFN which interface it to
the application. The Application Pull Source is one of few data flow sources having
type PULL. It retrieves current tracking data at any time via a callback interface
from the application. Similarly, the Application Push Sink pushes data from the
data flow into the application via a callback interface. In both cases, the DFN ini-
tiates the flow of tracking data. Application Push Source and Application Pull Sink,
on the contrary, work without a callback mechanism and the application initiates
the flow of tracking data by pushing updated measurements into the data flow or
by requesting updated measurements, e.g., at the framerate of the renderer. The
concept of PUSH and PULL is further detailed in 5.4. Regardless which interface
is being used, the application identifies the corresponding data flow components
by means of their pattern IDs.

Other patterns in this category include render components for development and
debug purposes, which allow for simple OpenGL-based 3D graphics output based
on tracking data.

Table 5.1 presents a representative subset of patterns, classified according to their
structure and semantics. A comprehensive reference is provided at [Ubi 11].

Examples for base and query patterns are shown in Figures 5.7 and 5.8. Most base
and query patterns feature the same layout of two nodes connected by a single edge, solid
for base patterns and dashed for query patterns. Full patterns such as the Multiplication
are more interesting to investigate since they exhibit a broader range of different forms.
Most patterns have just been mentioned above, without giving a description of their
semantics. More patterns are explained throughout the remainder of this thesis, in the
context they are needed.

5.3.3. Node/Edge/Pattern Attributes

The essential characteristics of an edge, data type and synchronization type have already
been introduced in 5.1.2. Furthermore, each node and each pattern is attributed with a
node ID and a pattern ID, respectively. Both IDs have to be unique throughout the whole
DFG. The pattern ID is needed to interface the data flow network from the outside, as
described in 5.3.2. The node ID is needed only in special cases, see 5.3.4.

Some data flow components need additional information to provide the desired result.
This information is provided to the Ubitrack runtime in terms of properties attributed
to the output nodes, output edges, and patterns in the DFG. The location thereby
depends on the type of information. A concrete pose value is attributed to the edge of
e.g., the Static Transformation pattern. A marker ID may be attributed to either the
node representing that marker or to the edge pointing towards the marker node. The
choice depends on the concrete system. An optical square marker such as depicted in
Figure 1.6(a) has a unique ID and can be attributed to the Marker node of the Optical
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Table 5.1.: Pattern categorization matrix showing a representative subset of the existing
Ubitrack patterns. The transformation types are neglected for the sake of
readability.

Syntax
Base pattern Full pattern Query pattern
Sensor-/ A.R.T. Tracker
tracker Static Transformation
Highgui Framegrabber

Optical Square-Marker-
Tracker
PTAM Tracker
Basic Multiplication
Inversion
Buffer
Interpolation
Gate
Time-To-Space-Expansion
Converter
Aggregator
Signal Generator
Trigger
Trigger Loop
Sampler
Semantics|Calibration Hand-Eye Calibration
Absolute Orientation
Tip Calibration
SPAAM Calibration
Tip Calibration
Fusion Kalman Filter
Complementary Fusion
Functional Fusion

Persistence Player Recorder
Calibration Reader Calibration Writer
Network Network Source Network Sink
Application|Application Push Source Application Push Sink
Application Pull Source Application Pull Sink
X3D Object

Background Image

Square-Marker Pattern. The ID of a tree target such as depicted in Figure 1.6(b) is
determined in the proprietary administration software of the vendor. For the unlikely
case of two independent tracking systems tracking the same marker, the ID has to
be specified twice on the edges since the node then exists only once in the SRG. More
general parameters that cannot be associated with a particular node or edge are typically
attributed to the whole pattern. For more details about node/edge/pattern attributes,
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refer to the UTQL specification [Pust 07].

5.3.4. The Module Mechansim

Logically, each pattern represents an independent data flow component. Adding the
tracker pattern shown in Figure 5.7 twice would therefore mean to run two independent
tracking systems, using two independent driver instances. While this behavior is also
possible, the desired behavior probably is to use the same tracking system to track two
different markers. However, this also means that both data flow components shall share
a common driver instance.

For this, Ubitrack provides the module concept. It allows data flow components to
share common resources. Modules are typically used for sensors drivers (e.g., A.R.T.
Tracker) to share hardware devices or bus/network interfaces and also computer vision
algorithms (e.g., Optical Square-Marker Tracker) to avoid the redundant execution of
algorithms, such as in the example shown in Figure 5.2. A module encapsulates the usage
of the resource and performs all necessary computations. Furthermore, it administrates
a variable number of thin data flow components to interface with the data flow network.

To establish the 1 : n relationhip between various data flow components and their
common module, component keys and a module key are used. The module key is typically
specified in terms of a common node ID. In the example mentioned above, the two A.R.T.
Tracker nodes could be parametrized with an identical ID. Note that this is identical to
the unification of both nodes since the node ID has to be unique throughout the DFG.
To obtain a component key, any attribute according to 5.3.3 can be used; its choice
depends on the Ubitrack implementation of the module. In the mentioned example, the
A.R.T. Body ID edge attribute of the Tracked Transformation edge is used. It determines
the ID of the marker in the proprietary A.R.T. administration software. In the example
of the Optical Square-Marker Tracker component, the module key is given in terms of the
ID of the Camera node and the component key is given in terms of the Marker node.
The component key has to be unique throughout all components managed by the same
module. An important property of the module mechanism is that its complete spatial
relationship pattern is replicated an arbitrary number of times.

5.3.5. Time-/Space-Expansion

In contrast to the module concept where the complete pattern is replicated an arbitrary
number of times, sometimes only those parts of the pattern have to be replicated that
describe the input data. Some patterns require several (maybe corresponding pairs of)
measurements to be able to compute a result. This applies in particular to the registra-
tion patterns introduced in 5.3.2. The Absolute Orientation pattern (see Figure 5.9(a))
for example requires at least 3 corresponding pairs of 3D position measurements. These
measurements can either be collected at once or sequentially. Pustka introduced the con-
current concepts of time-expansion where the measurements are collected sequentially
and space-expansion where the measurements are collected in one step, all measurements
having the same timestamp [Pust 06b]. The two variants are depicted in Figure 5.12.
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Figure 5.12.: Time- and space-expansion variants of the Absolute Orientation pattern. At
least three corresponding point measurements have to be given such that
the pose from B to A can be computed.

With time-expansion, the Feature is supposed to be moved around and captured several
times, as indicated by the “3..*” in Figure 5.12(a). With space-expansion on the contrary
(see Figure 5.12(b)), the Feature node is replicated a fix number of times to make the
spatial relationships and the concurrent measurement acquisition explicit. Note that the
registration patterns depicted in Figure 5.9 are all represented in their time-expanded
form.

Although space-expansion is intuitive for a few Features, it becomes quite confusing
when plenty of Features are used. Furthermore, the number of Features to be used has to
be known at configuration time, which is not always the case. Therefore, space-expansion
can also be represented in the form depicted in Figure 5.12(c). The Feature node made
way for a Feature Cloud node representing the concurrent measurements and the Input A
and Input B edges convey corresponding lists of 3D position measurements the lengths
of which are determined not until runtime. The topic of time-/space-expansion is picked
up again in 7.2, where practical solutions for various registration problems are described.
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The Ubitrack framework eases the implementation of data flow components support-
ing both time- and space-expansion. For this, the concept of expansion input ports is
provided which encapsulate this behavior such that no additional effort is needed during
implementation. The desired method can be configured by setting the corresponding
attribute in the UTQL description [Pust 07]. In case of time-expansion and explicit
space-expansion, the expansion input port takes care of aggegrating a list of measure-
ments automatically. In case of simplified space-expansion, the list of measurements is
directly provided to the component.

Examples for DFGs based on time-expansion and implicit space-expansion can be
found e.g., in 7.2. An example using explicit space-expansion is discussed in 11.4.

5.4. Data Flow Synchronization

Before the synchronization of a DFN can be understood, the synchronization properties
of individual data flow components needs to be investigated.

5.4.1. Synchronization of Data Flow Components

To properly handle measurements that are generated asynchronously by independent
sensors, each edge in the SRG and thus each port in the DFG is attributed with its
synchronization mode, either PUSH or PULL. For many of the patterns/components
mentioned above in 5.3.2, the synchronization type has been fixed during implementation
of the data flow component. The single output edge of a typical sensor pattern as well
as the Player pattern in the SRG, which corresponds to a single output port in the
DFG, has synchronization type PUSH. The StaticTransformation, CalibrationReader on
the contrary have type PULL. Likewise, there are application patterns providing either
a PUSH or PULL input. The IAR-engineer can choose the desired application interface.
For these and some other patterns, the synchronization types are fixed. The situation
is depicted in Figure 5.13. Also some full patterns use a fixed synchronization scheme,

as depicted in Figure 5.14. The color of the ports indicates the synchronizatinon mode,
red for PUSH and green for PULL.

(a) Source (PUSH) (b) Source (PULL) (c) Sink (PUSH) (d) Sink (PULL)

Figure 5.13.: Synchronization variants of data flow components for selected base and
query patterns. Components driving a PUSH (in particular sensor drivers)
or PULL action, are fully colored in red or green, respectively, otherwise
only the respective data flow ports are colored.
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(a) Pose Split (b) Interpolation (c) Sampler

Figure 5.14.: Data flow components for selected full patterns having a fixed synchro-
nization mode. The Sampler component is fully colored in red because it
represents a source of PUSH events.

For other patterns/components, mainly full patterns that compute some kind of result,
the synchronization can be handled more flexibly at configuration time. For this, the
Ubitrack framework provides the concept of trigger components. A subset of the input
ports and at most one output port of the data flow component can be arranged in a
trigger group. Unless the synchronization flag of an edge/port belonging to the trigger
group has been fixed, it is set to AUTO. The edge in the pattern is depicted in black,
the corresponding port is depicted in gray.

The synchronization flags on the inputs are thereby inherited from the outputs they
are connected to. The constellation of synchronization flags on the inputs of the trigger
group implies the synchronization flag for the single output, according to the following
logic:

1. If all input ports of in the trigger group have type PULL then the output port also
has type PULL.

2. If one or more input ports have type PUSH, then the output port also has type
PUSH.

3. Several input ports having type PUSH makes sense if and only if these ports are
synchronized in terms of being fed with corresponding measurements having the
same timestamp (Synchronized-PUSH). Otherwise, the component does not evalu-
ate and no results will be pushed onwards on the output port.

Note that the Pose Split component depicted in Figure 5.14(a) cannot be implemented
as a trigger component, since it has two output ports and only one output is allowd in
the trigger group. The behavior of the Translation output when pulling on the Rotation
output would be undefined and vice versa. The situation for trigger components is
depicted in Figure 5.15 for the special but rather common case of two inputs.

5.4.2. Synchronization of the Data Flow Network

Pushed measurements travel downward from source toward sink through a DFN, e.g.,
when a tracker such as a camera sends new data into the network at its own speed.
Pulled measurements are pulled upward in a DFEN. A pull operation may be initiated for
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) PULL-PULL ) PUSH-PULL

) PULL-PUSH (d) Synchronized-PUSH

Figure 5.15.: Possible synchronization modes of the Multiplication component to demon-
strate different combinations of synchronization modes for a trigger com-
ponent with two inputs

example by an application requesting measurements with a specific timestamp (see 5.1.2)
via the ApplicationPullSink component. PUSH as well as PULL events are propagated
recursively through the data flow network. Figure 5.16 presents both mechanisms and
their implementation in Ubitrack.

In addition to the coloring of the ports, data flow components that drive the data flow
by actively initiating downward push or upward pull operations are also colored, others
are gray, see also Figures 5.4, 5.13, and 5.14.

Pulling measurements upwards in the DFN is implemented internally by recursive
function calls. For propagating pushed measurement downwards in the DFN, the Ubi-
track runtime environment operates an event queue to handle the pushed measurements
in the proper sequence. The data flow components are thereby triggered in the direction
from sources to sinks. To avoid race conditions, a strict execution sequence is estab-
lished during instantiation of the DFG. Sinks obtain the lowest priority. In a depth-first
graph search starting at the sink(s), the priorities are increased with the distance of the
component to the respective sink. These priorities are used to sort events with equal
timestamps in the event queue. As depicted in Figure 5.17, this ensures that intermedi-
ate results are evaluated in the correct sequence such that no result is reevaluated based
on outdated measurements.

Problems arise when two or more unsynchronized inputs have to be combined by
a computational unit, such as the Multiplication component, regardless of whether the
component is a trigger component or not.?> The measurements on all inputs need to be
valid for the same point in time. When a PULL request occurs on the output, measure-
ments have to be pulled for this timestamp on all inputs. When a push event occurs for

2The only difference betwenn a trigger component and a normal component is the point in time of the
determination of the synchronization flags.
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Figure 5.16.: Propagation of measurements in the data flow. The wide arrows represent
the handover of measurements, dashed wide arrows represent handovers
laying in the future of the depicted situation. (a) Association of handovers
with entries in the event queue. The colored part represents yet unpro-
cessed events. Event i has been processed already. It resulted in event j
which is currently being processed. Event j will result in event k to be
enqueued in the end of the queue for this timestamp. The orange part
represents more recent events having a newer timestamp that might have
been pushed into the data flow already. They will be processed after the
red part either has been fully processed or dropped in case of heavy system
load. (b) Requests for measurements are conveyed by recursive function
calls. Handover of measurements is accomplished with their return. In the
depicted situation, call j is about to execute.

one input edge, measurements for the same timestamp have to be pulled on the other
inputs. The result can then be computed and pushed onwards on the output. Generally,
it is not possible to have more than one input in PUSH mode. Therefore, all except
one of them should be in PULL mode. To this end, suitable conversion facilities must
be included, as shown exemplarily in Figure 5.18. The Buffer (constant interpolation),
Linear Interpolation and Kalman Filter components convert measurements from PUSH to
PULL (push-pull conversion) whereas the Sampler component converts from PULL to
PUSH (pull-push conversion). Refer to [Pust 06a] for more details.

If several data flow sources belong to the same physical sensor (as e.g., for several
A.R.T. Tracker components), these source components belong to a common driver module

61



Priority p+2

"mumuu

Priority p+1

by

Priority p

‘ulmum'

Figure 5.17.: Prioritization of PUSH operations in the data flow. Data flow components
are sorted according to their “distance” to the sinks. The component pri-
ority is used to sort events with equal timestamps in the event queue.

and are thus in the same trigger group. This means that all PUSH events originating at
these components obtain indentical timestamps. Therefore, no interpolation is necessary
in the example DFG depicted in Figure 5.4. Unfortunately, there is currently no means
to detect on the middleware layer whether two push sources belong to the same trigger
group or not.

5.4.3. The Time-Synchronization Problem

The timestamps (see 5.1.2) associated with the individual measurements must represent
the moment of the true measurement, otherwise the measurements cannot be associated
properly. In general, this affects all kinds of fusion types. In complementary fusion,
the joined degrees of freedom simply do not correspond. In competitive fusion, e.g., the
motion model of a Kalman filter gives wrong predictions due to wrong computation of
the time elapsed since the last measurement. In cooperative fusion, the needed inter-
polation (see 5.3.2) is also subject to the wrong computation of the weight between the
involved supporting points. This simultaneity assumption has been discussed before by
Welch [Welc 96], Welch and Bishop [Welc 97], and Pustka [Pust 11].

Synchronization can be accomplished in hardware, by using a common sync signal
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Figure 5.18.: A slightly modified version of the example DFG (cf. Figure 5.4). Two
different trackers are used instead of just one tracker for two markers. A
push-pull conversion is necessary to synchronize measurements from these
two unsynchronized push sources. In a realistic scenario, the two track-
ers would probably also have to be registered to each other, which is not
considered in the depicted data flow.

between the involved sensors®. Note that this is the case in the intelligent welding gun
scenario where both, the static and the mobile tracking system, use the same sync signal.

If synchronization is not implemented in hardware, an inferior software solution has
to be used. Latency in the communication between the involved devices makes an exact
synchronization difficult. The most prominent reasons for latency are delay between
the physical measurement and its digitization, overhead in network /bus communication,
overhead in the implementation of the sensor drivers as well as the operating system.
In addition to that, many platforms lack real-time capabilites such that an additional
amount of time may be lost in process scheduling. These factors result in a typical delay
for each sensor and for each platform. Therefore, timestamps which are generated in
software, are not highly precise. Thereby, it does not matter whether the timestamps are
generated upon arrival of the measurement or by prior soft-synchronization of the hard-
ware clocks. Even if two measurements obtain the same timestamp, the corresponding
physical measurements probably are not in sync.

A method for the relative temporal alignment of independent sensors has been devel-
oped by Huber et al. [Hube 09] and Schlegel [Schl 11]. The idea is to add a relative
temporal offset to the initial timestamps of one sensor. For this, a temporal registration
has to be performed before the spatial registration (according to 7.2), trying to maxi-

3Among others, commercial multi-camera IR tracking setups follow this approach, e.g., those from
A.R.T. [ART 11].
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mize the correlation of both signals by tuning the relative temporal offset. The approach
principally works under the assumption of an only slowly changing relative time-delay.
The authors also show that it is sometimes necessary to interleave the temporal and
spatial registrations in an iterative manner to obtain optimal results.

In some special cases, however, synchronization is not necessary although sensor fusion
is performed:

1. A single sensor can provide data to different tracking algorithms. From the Ubi-
track point of view, the results of these algorithms can be treated using one of
the fusion techniques described in 4.2.2. This leads to a locally synchronized sub-
graph of the DFG. For example, a USB webcam might be used for marker- and
feature-based tracking. Although the true timestamp is unknown, both results still
correspond to each other. Cf. the discussion about synchronized PUSH sources in
5.4.1.

2. The synchronization can be assured physically. This happens e.g., when a set
of common reference points are measured twice by probing them one after an-
other with two different measurement devices. Note that this is the standard
case when using offline metrologic equipment.The method is often used to col-
lect corresponding data for registration purposes and therefore also applies for our
augmented airplane cabin scenario (see 1.3.2). It is however not very viable for
real-timetracking.

To conclude, for the scenarios discussed in this thesis, time synchronization is not an
issue.

5.5. SRG Design Activities

The construction of an SRG based on the available spatial relationship patterns (see 5.3)
is an iterative process which consists of the following steps:

Description of the tracking environment All mobile and stationary sensors and all real
and virtual objects are identified. Their known or tracked spatial relationships to
one another are described. This activity mainly uses base patterns. It has to be
executed manually to provide the domain knowledge to the Ubitrack system.

Deduction of indirect spatial relationships Full patterns are applied to suitable parts
of an SRG to infer additional spatial relationships. This can be achieved either by
an automatic pattern matching process or interactively by the IAR-engineer.

Definition of the runtime interface to the application On the basis of query patterns,
application interface(s) are inserted into the SRG. This step has to be performed
manually such that a defined API can be established. In particular, the application
needs to know the IDs associated with the application patterns, as described in
5.3.2.
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The definition of the tracking environment and of the runtime interface to the appli-
cation require manual interaction. These steps result in the base SRG depicted in Fig-
ure 5.2(a). It still contains unresolved queries in terms of dashed edges. The deduction
of indirect spatial relationships to resolve all unresolved input edges (cf. Figure 5.2(b))
can theoretically be automated, at least partially. In the following, the manual and
semi-automatic techniques provided by the graphcial tool trackman for this purpose, are
described.
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6. Graphical Data Flow Modeling

The trackman graphical modeling tool for spatial relationship graphs provides a user
interface to directly access both, the SRG and the DFG, in a round-trip engineering
approach. It also provides interactive means to access all patterns that are known to
the Ubitrack runtime system and to integrate them into the current configuration.

6.1. Graphical Layout

Figure 6.1 presents a screen dump of trackman showing the interactive construction
of the SRG and DFG of Figures 5.2 and 5.4. The tree on the left shows excerpts of
the list of all patterns, accessible both with respect to semantic and structural (layout)
categories. Below, the property editor allows one to inspect and edit settings associated
with the selected node, edge, or pattern. On the top left, a search facility allows the
TAR-engineer to restrict the displayed elements in the tree to only those patterns that
contain all specified strings.

The central area is tiled, showing the current SRG (top) and DFG (bottom). In the
DFG pane on the right, data sources (corresponding to base patterns, green) are the
uppermost components, followed by intermediate computational units (full patterns,
cyan), and finally the lowermost data sinks (query patterns, yellow). The latter ones
represent interfaces to applications. IAR-engineers can alter the tracking setup in the
SRG window. Resulting updates are automatically brought to the DFG window. At
intermediate stages of the configuration process, not all nodes in the DFG window need
to be integrated into the data flow network. For example, the right green node in
Figure 6.1 has not yet been connected to other modules. According to this, a part of
the input section of the Multiplication pattern is not embedded in the SRG.

6.2. trackman Architecture

In order to keep trackman independent from Ubitrack development, and to ensure its
compatibility with new spatial relationship patterns, it was designed as a lightweight and
generic tool. Architecturally, it resides on the middleare layer, as depicted in Figure 5.1.

In general, trackman does not have special knowledge about the semantics of the pat-
terns but rather imports the current set of available patterns from external description
files that come with the Ubitrack runtime library!. They provide information about the
signature or syntax of the patterns needed to enable the graphical modeling process. The

1Some minor exceptions arise in the context of registration and data flow surveillance tools as described
in 7.2 and Chapter 14.
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Figure 6.1.: The trackman graphical modeling tool for spatial relationship graphs. The
example SRG from Figure 5.2 is shown on the editor pane. The result-
ing data flow is updated on-the-fly and is displayed on the right. Pattern
templates are provided in the tree on the left, they can be dragged to the
editor pane for modeling. The property editor on the bottom left is used to
configure attributes provided by nodes, edges and patterns.

description language is based on the UTQL [UTQL 11] data exchange format [Pust 07].
In addition to the mere graph structure of the patterns, it also allows one to specify
important meta information. Type information for node/edge/pattern attributes (see
5.3.3) as well as pattern documentation have to be provided. The resulting pattern tem-
plate specification language XML schema [UTPa 11b] [UTPa 11a] allows for the formal
description of available patterns. trackman uses the meta information to allow for con-
venient configuration of node, edge, and pattern attributes in its property editor and to
display documentation to the user, as can be seen in Figure 6.1.
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It shall be noted that in the current implementation of trackman, explicit space-
expansion (cf. 5.3.5) is not directly supported. Rather, an extra hardcoded pattern
template in XML has to be provided for each number of correspondences. Usually,
however, the number of correspondences in explicit space-expansion is small, such that
the resulting bloat of pattern templates is manageable. An example is given in 11.4.

6.3. Interactive SRG generation
Starting with an empty work area in trackman, we use base and query patterns similar
to those shown in Figures 5.7(a) and 5.8(a) to describe the directly existing spatial

relationships in the tracking environment and the application requests. To this end,
they are dragged from the tree view on the left to the SRG editing workspace.

e's

Measurement [Pose]

Measurement [Pose]

AR.T.
Marker

Figure 6.2.: Identification of coordinate systems via mode wunification. The indicated
unification steps can be conducted in arbitrary order and result in the SRG
shown in Figure 5.2(a).

For the SRG in Figure 5.2(a), the A.R.T. Tracker pattern is dragged twice into the
work area, once for each of the two targets. Names, IDs, and other attributes are
modified by selecting the respective node, edge, or pattern and applying the settings
in the property editor. The query pattern Application Push Sink is dragged into the
work space to describe the request that an edge be provided which describes the spatial
relationship between the HMD and the target (see Figure 6.2).

Using the node unification interaction scheme, all three patterns can be merged to form
a single graph. To express that two nodes belonging to different patterns are identical
in the SRG, TAR-engineers can drag one node on top of the other one or select both
before choosing the “unify nodes” operation from the context menu. As a result of this
operation, the subgraphs are merged at this node. Node unification can be applied to
all combinations of input and output nodes. Nodes belonging to a single pattern cannot
be unified (principle of pattern atomicity). Figure 6.2 shows the node unification steps
which lead to the SRG shown in Figure 5.2(a). See also 5.3.3 and 5.3.4 for the effects of
node unification.
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6.4. Interactive Deduction of Spatial Relationships

Another interaction scheme is needed to let [AR~engineers specify which operations shall
be applied to the tracking data such that additional spatial relationships can be derived.
To this end, full patterns have to be integrated into the SRG, thereby adding further
(deduced) edges in terms of their output edges.

6.4.1. Edge Matching

By edge matching, an edge from the input section (dashed edge) of a new pattern is
identified with an edge that already exists in the SRG and that is part of the output
section of another pattern (solid edge). The operation also immediately updates the
corresponding DFG, linking the input of the computational unit with the output of
another component.

The edge matching operation is performed again either by dragging one of the edges
on top of the other one or by selecting the two edges and then invoking the “match edge”
operation from the context menu. Both edges must have the same edge characteristics
in terms of data type and synchronization type (according to 5.1.2). Illegal matches are
automatically inhibited.

2 .
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Figure 6.3.: Identification of data input and output of patterns via edge matching. The
matching steps indicated by the blue arrows can be conducted in arbitrary
order and result in the SRG shown in Figure 5.2(b).

Edge matching implies node unification according to 6.3 on the source and sink nodes,
respectively, if necessary. Edges belonging to the same pattern cannot be matched (again
due to pattern atomicity). The edge matching steps which lead to the SRG shown in
Figure 5.2(b) are depicted in Figure 6.3.
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6.4.2. Ordering of Design Activities

In 5.5, three elementary modeling tasks have been specified, the description of the track-
ing environment, the deduction of indirect spatial relationships, and the definition of the
runtime interface to the application. It is up to the [AR-engineer to decide about a suit-
able design approach. Patterns may be added to the SRG in any sequence. Furthermore,
patterns may be combined using the node unification and edge matching metaphors in
any sequence. The output edge of a selected pattern may therefore be associated with a
subsequent input edge, even though it is currently unclear how the output edge can be
deduced since the input edges of that pattern haven’t been matched yet. A valid DFG,
of course, requires all input edges to have been matched properly.

The design process may therefore be started either with the environment or also the
application interface. In general, two modeling directions can be distinguished.

Bottom-up approach The [AR-engineer starts with physical entities and refines infor-
mation step-by-step, resulting in an application-level piece of information. This
might also be denoted induction.

Top-down approach The IAR-engineer starts with the application interface and drills
down through various algorithms to finally reach real-world sensors and objects.
This might also be denoted deduction.

For clarification, going up according to the degree of abstraction from raw sensor
measurements towards application-level data comes along with going down in the data
flow from data sources to data sinks. In some cases, also come central full pattern
serves as a seed for the modeling process and the corresponding real-world entities and
the application interface is added to it in a mixed bottom-up / top-down approach.
In general, trackman supports an arbitrary mixture of the bottom-up and top-down
approach.

6.4.3. Round-Trip Engineering in SRG and DFG

The SRG editor on the top-right of Figure 6.1 is beneficial in the first place to argue
about spatial relationships. The integration of spatial-relationship patterns in the SRG
editor is intuitive and inhibits semantically wrong combination of patterns. Other issues
such as the sequence of operations in the resulting data flow network (see 5.2) or the
synchronization of the latter (see 5.4.2 are better observed in the DFG editor on the
bottom-right.

Both visualizations represent the same internal model and are directly related. As
explained in 5.2, an edge in the SRG relates to a port in the DFG, and edge-matching in
the SRG relates to connecting ports in the DFG. Connecting two ports in the DFG can be
accomplished by a click-and-drag operation from one port to the other. In a round-trip
engineering approach, both views can be equally used to establish connections between
patterns / data flow components. Changes effected in one of the views are always
reflected directly in the other, and vice versa. Round-trip engineering is a common
concept in software engineering. It keeps the consistency of the underlying model among
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different representations. A typical example is the consistency of source code and the
corresponding UML model in modern IDEs?.

In case of modeling in the DFG, the semantic correctness of the corresponding SRG
is always ensured and invalid operations result in an error message.

6.4.4. Automatic Sync Propagation

While the data type of an edge is determined in the pattern template and is immutable,
the synchronization type of an edge belonging to the trigger group of a trigger compo-
nent (see 5.4.1) is determined not until configuration time of the data flow. Directly
after the pattern has been dragged to the SRG editor pane, the corresponding edge(s)
of such patterns still have an undetermined synchronization type, as indicated by their
black color during the construction of our example SRG in Figure 6.3. Note also the
depictions of the Multiplication and Inversion spatial relationship patterns and data flow
components in Figures 5.6 and 5.5. Finally, each edge must be associated with a distinct
synchronization type, either PUSH or PULL. In our example, all SRG edges and their
corresponding data flow ports obtain type PUSH, as indicated by the red color in Fig-
ures 5.2(b) and 5.4. Thereby, the rules for the synchronization of trigger groups stated
in 5.4.1 must be obeyed. By repeated edge-matching operations, the yet undetermined
synchronization flags are being constrained step by step.

trackman supports the analysis of synchronization issues and ensures the consistency
of the data flow synchronization at all times. During each edge-matching step, and in
accordance with the modeling directions defined in 6.4.2; already fixed synchronization
flags are propagated downwards (bottom-up modeling approach) or upwards (top-down
modeling approach) in the DFG, according to the rules described in 5.4.2. Propagation
thereby means to either imply an additional constraint to a formerly unconstrained
port in the DFG, or to reject the matching operation because of an already existing
contradiction. The propagation is trivial for components with single inputs and outputs,
or if no constraint is set for propagation. These trivial cases are depicted in Figure 6.4.
Upward-/downward propagation of PULL in the trivial cases 6.4(a) and 6.4(b) works
analogously. For trigger patterns with multiple inputs®, the situation is a bit more
complex.

As Figure 6.5 shows, a PUSH has to be propagated downwards on the output as soon
as at least one input is constrained to have type PUSH. In contrast, a PULL has to be
propagated on the output only if all inputs are already constrained to have type PULL.
In the upward direction, the situation is mirrored. Constraining the output to type
PULL immediately implies that all inputs must also have type PULL. Constraining the
output to type PUSH implies a constraint for an input only if it is the last unconstrained
input and no other input already has type PUSH.

Input and output edges (data flow ports) with contradicting synchronization modes
PUSH and PULL (or vice versa) may not be connected. Such a conflict has to be resolved
manually, as in Figure 5.18. The Buffer (constant interpolation), Linear Interpolation, or

Integrated Development Environment
3Note that trigger patterns were defined to have at most one output.
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Figure 6.4.: Propagation of synchronization modes in trivial cases. (a,b) For trigger com-
ponents having only one input, the mode is immediately propagated in both
directions. (c) Nothing happens when connecting two yet unconstrained
ports.

Kalman Filter components convert an edge with mode PUSH to an edge conveying the
same quantity® but having type PULL. The opposite effect can be achieved using the
Sampler component.

If multiple trigger components are combined according to Figure 6.4(c), initially
without any constraints, the propagation of synchronization flags subsequently has to
be performed recursively in the DFG, once constraints apply. Thereby, a downward-
propagation may result in recursive upward-propagations and vice-versa. Figure 6.6
shows an example.

Ports can not only be connected, but also disconnected. As a consequence, the syn-
chronization modes in the neighborhood of the released ports have to be updated, ac-
cording to the removed constraint(s). For this, it is important to keep track for each port
from which direction (upwards/downwards) potential constraints have been propagated

4though with other time and accuracy properties
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Figure 6.5.: Propagation of synchronization modes in complex cases. Ports colored
lightly indicate the initial condition before the additional constraint be-
comes effective. The port imposing the additional constraint is depicted
with a thick, solid border. Ports that are affected by the additional con-
traint (and therefore change its synchronization type from AUTO to either
PUSH or PULL, are depicted by a thick, dashed border, the potential recur-
sive implication on other ports by an arrow.

to this port before. Internally, two synchronization flags are maintained for each edge/-
port, one for upward and one for downward propagation. Both can either be undefined
(AUTO) or have one of the values PUSH or PULL. However, they may never contradict
each other; operations that would lead to a contradiction are not allowed (see above).
The effective synchronization mode of the port is determined by the more distinctive
one of the two flags. When a constraint from downward (upward) propagation ceases to
exist, the flag for downward (upward) propagation is reset to AUTO; the new effective
synchronization mode then depends on the value of the flag for upward (downward) prop-
agation. If the latter is also undefined, the effective synchronization mode is also reset.
Note that the effective synchronization mode is irrelevant for upwards and downwards
sync propagation, only the other two flags are important. The effective mode is just used
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Figure 6.6.: Example for recursive upwards/downwards sync propagation. The synchro-
nization of the pale ports is assumed to be already determined. An ad-
ditional constraint (bold, solid border) leads to recursive implications for
other ports (bold, dashed border). The recursion propagates upwards and
downwards in the DFG, as indicated by the thin arrows.

to update the GUI. The downward (upward) recursion terminates whenever a trigger
component is visited where the propagation does not result in further implications (cf.
Figure 6.4(c)) or when a non-trigger component is visited.

Let us consider the directed graph G, of synchronization dependencies with the in-
dividual data flow ports as its nodes, and edges between those ports that might affect
each other’s synchronization mode. G, includes dependencies between input ports and
their matching output ports in the DFG (inter-component port dependencies), though
maybe in opposite direction, depending on the propagation direction. Furthermore,
G includes dependencies between ports inside individual data flow components (intra-
component port dependencies) according to Figures 6.4 and 6.5. A partial exemplary
Gy is depicted in Figure 6.6 in terms of the data flow ports and the thin arrows between
them.

G contains dependencies only between two auto-triggered ports. By assumption, as
soon as at least one port with a fixed synchronization mode is involved, the match can be
directly validated or rejected without prior recursion. However, the subsequently carried
out recursive propagation may still reveal conflicts in other parts of G, in case it is not
a tree, as shown in Figure 6.7.
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Figure 6.7.: Conflict during recursive sync propagation arising from a loop in the DFG.
The Output of Component C is assumed to be already determined. The
additional constraint implied on Component A reveals a contradiction on
its Output port. The conflict is resolved automatically by releasing the
connection between Component A and Component B.

In most practical cases, however, G, is a tree. In general, loops in the data flow are
allowed by UTQL. In practice, they occur mostly in the context of data flow steering
mechanisms as discussed in 11.2, though with fixed synchronization flags only. For an
example, refer to Figure 11.3. None of the DFGs discussed in this document results
in a cyclic G,. In the rare case of a cylic Gy, special considerations are needed. The
loop has to be detected during recursion and terminated, such that G, can again be
considered a tree. The problem is to justify the termination of recursion in such a loop.
Two possible cases exist when a loop leads to a sync flag to be visited a second time:
either the propagated sync flag is consistent with the set sync flag or not. In the former
case, the recursion can trivially terminate here without further actions. The latter
case is more problematic. The only way to terminate the recursion here is to release
the contradictory match and to inform the user about this operation. She may then
decide about measures to mitigate the contradiction, e.g., by manual insertion of a Linear
Interpolation component and establishing the matching again afterwards. Of course,
releasing the contradictory matching results in two additional recursive propagations of
AUTO, one going upwards, starting at the released output port and one going downwards,
starting at the released input port. This relaxation of the constraints, however, may not
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lead to any additional contradictions.

Consequently, G, can always be considered to have a tree-like structure. This allows
for efficient reevaluation, following the partial order imposed by G, and thus supports
interactive editing even for large DFGs.

6.5. trackman Editor Functionality

With node unification and edge matching, SRGs can be constructed from scratch. Addi-
tional functionality is needed when dealing with existing SRGs. This is important for the
maintenance of existing setups and also to recover from modeling mistakes. Therefore,
trackman also provides the following interaction schemes.

Target Pose [Pose
9 L ! Inverted ‘Pose [Pose]

@ HMD Pose [Pose]
Product [Pose]

~
~

‘:I'arget Pose [Pose] \-
AB [Pose]\/nverted Pose [Pose]

@ HMD Pose [Pose]
‘5
-
Product [Pose]

(b) Isolate pattern inputs

Figure 6.8.: Result of the isolate pattern outputs and inputs operations, invoked on the
Multiplication pattern contained in Figure 5.2(b).

e Isolate Pattern Outputs: It is possible to separate the output edges of the pattern
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Target Pose [Pose]

@ HMD Pose [Pose]
i “Query [Pose]

Figure 6.9.: Result of the split node operation on the A.R.T. Tracker node in the exem-
plary base SRG (cf. Figure 5.2(a))

from connected nodes/edges in the input section of other patterns. The effect of
this operation is shown exemplarily for our example SRG (cf. Figure 5.2(b)). In
Figure 6.8(a), the operation has been invoked on the Multiplication pattern; its
single output edge has been isolated from all matched input edges, in this case
only the edge named Query.

e |solate Pattern Inputs: To complement the previous scheme, one can also separate
the input edges of a pattern from its context, effectively annulling all dependencies
between these input edges and corresponding output nodes/edges of other patterns.
Invoking this operation on the same Multiplication pattern results in Figure 6.8(b).
This implies also the separation of those input nodes that are neither source nor
sink of an output edge of the pattern, such as node B of the Multiplication pattern.

e Isolate Pattern: This operation combines the two operations above and brings the
pattern back to its atomic form.

e Delete Pattern: The pattern is removed from the current SRG. It does not matter
whether the pattern was integrated in some larger SRG structure or existed in its
atomic form. In the former case, an isolate pattern step is implicitly performed
first.

e Hide Pattern: Parts of the SRG are hidden to provide an abstracted, clearer view
of the SRG in the editor window. trackman provides this functionality on a per-
pattern basis.

e Hide Edge: Individual edges of the SRG can be hidden by double-clicking them,
to provide a clearer view on the SRG. Hidden edges are revealed temporarily by
selecting either its source or sink node. Subsequently, they can be made visible
permanently again by another double-click on the edge.
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e Split node: This operation revokes the unification of nodes, though without break-
ing the graph structure and without undoing any edge-matchings. Applying this
feature to the A.R.T. Tracker node in Figure 5.2(a) would result in two indepen-
dent A.R.T. Tracker nodes, as depicted in Figure 6.9. However, it would have no
effect on the same node in Figure 5.2(b), due to the constraints implied by the
Multiplication pattern which cannot be reduced beyond its atomic form.

The Hide Pattern and Hide Edge features are crucial to maintain clarity in large SRGs
such as the one shown in Figure 13.11 which consists of more than 70 patterns. Indeed
most of the SRGs discussed in the remainder of this document show only the relevant
information.
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7. Common Modeling Tasks

Based on the concepts described so far, more complex solutions for realistic scenarios are
now provided in terms of SRGs and the corrsponding DFGs. This comprises exemplary
application data flows and also several common registration problems in TAR, where
static spatial transformations between rigidly installed sensors, markers, and other ob-
jects are determined. Though registration problems actually have to be solved before
the application data flow can be used, the sequence of their treatment is interchanged
because the application data flows are easier to understand.

7.1. Application SRG

In the following, application data flow descriptions are derived for the two exemplary
scenarios introduced in 1.3.2, the intelligent welding gun and the augmented airplane
cabin. This also incorporates data flows that could not be modeled based on the “flat
SRG” concept described by Pentenrieder [Pent 09].

7.1.1. Example: Indirect Tracking for the Intelligent Welding Gun

One of the currently most common tracking setups for AR and VR applications consists
of an outside-in configuration with a number of infrared cameras mounted rigidly to the
environment, observing a fixed volume within their midst. The camera arrangement im-
poses restrictions on the tracking of moveable objects inside /below /behind other opaque
objects in the scene. This occlusion problem is not generally solvable by adding addi-
tional cameras to the classical outside-in setup since, first, occlusions generated by scene
objects cannot always be known in advance, and second, the scene may offer only small
and varying viewing angles to the outside, which cannot simply be covered by adding
some more cameras. This is especially true for trackable objects surrounded by other
objects, e.g., a tool inside a car body.

The indirect tracking approach already introduced in 1.3.2 adds an additional, mobile
IR tracking system which can be placed in the scene on-the-fly such that it can see
trackable objects that are hidden to the stationary cameras. The mobile setup itself is
equipped with a marker such that its pose can be tracked by the stationary setup (see
Figure 7.1).

The spatial relationships of the proposed tracking approach are depicted in Figure 7.2.
The car body is mobile; it is tracked with respect to the Stationary Cameras (world
coordinate system) using the A.R.T. Tracker pattern. The Welding Gun is tracked in the
same way (direct tracking).
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Figure 7.1.: Mobile tracking system with an attached marker consisting of six retrore-
flective fiducials

Combir‘1ed M‘easurement
Direct Tracking

Figure 7.2.: SRG for indirect tracking of the intelligent welding gun. All edges represent
pose transformations. Only the important spatial relationships are shown,
most intermediary results are hidden for the sake of clarity.

The same transformation can also be estimated via indirect tracking. It is then then
given by a concatenation of several transformations via the Mobile Target and the Mo-
bile Cameras. The mobile target is again tracked by the A.R.T. Tracker pattern. The
transformation between the Mobile Target the Mobile Cameras is static and it has to be
registered before, e.g., using the method described in 7.2.2; it is incorporated via the
Calibration Reader component. The quality of this registration is crucial, it is therefore
further investiaged in 13.1.2. The last step in indirect tracking is the transformation of
the Welding Gun with respect to the Mobile Cameras; it is again provided by the A.R.T.
Tracker pattern. Of course, the direct transformation between the Stationary Cameras
and the Welding Gun can still be used, when available. A Time Complementary Fusion
component prioritizes the latter over the indirectly tracked transformation (Combined
Measurement). It also provides a useful reference value for evaluating the quality of
indirect tracking 14.2. The complete SRG and DFG can be found in Appendix A.1.
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7.1.2. Example: Discrepancy Checks in the Airplane Cabin

The scenario of discrepancy checks in an airplane cabin has been introduced in 1.3.2. Due
to the large volume to be covered, and the requirement for quick setup and dismantling
procedures for the tracking system, a mobile IR tracking system mounted on a tripod is
used that references itself using various reference markers mounted in the cabin. This is
another variant of indirect tracking (see also 7.1.1).

Tip Offset
prob® (3D position]-—( ProP
[Static] P
il

Tracked Result
Realtime Tablet
Tracker Tracked > Result @
.
Tracked Offset [Static]

Ref.
Offset [Static]—Me| Target
(CAD)

Figure 7.3.: SRG for discrepancy checks in an airplane cabin. Edges represent pose trans-
formations unless otherwise noted. Only the important spatial relationships
are shown, all intermediary results are hidden for the sake of clarity.

Figure 7.3 shows the spatial relationships between the involved entities. The world
coordinate system is defined by the CAD model of the airplane cabin. The goal is to
track in this coordinate system the position of the tip of a probe such as depicted in
Figure 1.6(c) for quantitative discrepancy checks, as well as the pose of a Tablet PC
depicted in Figure 1.11 for qualitative comparison. A mobile IR tracker! is used for
real-time tracking.

The IR tracker references itself via reference markers that are installed in the scene.
Only one such reference target is represented in the SRG. The Reference Target (CAD)
node represents the coordinate system of the CAD model of the precisely manufactured
target. Another node represents the distinct coordinate system spanned by the six IR
LEDs mounted to the reference target, as it is used by the real-time tracking system. The
transformations between World and Reference Target (CAD) as well as between Reference
Target (CAD) and Reference Target (LED) are static. Their estimation is described below
in 7.2. For now, it is assumed that they are already known such that they can be inserted
into the SRG in terms of two Calibration Reader patterns. The other two solid edges are
given in terms of NDI Optotrak patterns, one to track the Reference Target (LED) and
another to track the Tablet.

!NDI Optotrak Certus HD [NDI 11]
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The edges can be concatenated using the Inversion and Multiplication patterns to com-
pute the desired transformations. Since all NDI Optotrak patterns belong to the same
trigger group, no push-pull conversion is needed. The complete SRG and DFG can be
found in Appendix A.1.

7.2. Calibration and Registration

Calibration typically denotes the estimation of parameters which describe the exact
behavior of an individual physical device or object. From the Ubitrack point of view, the
calibration of individual sensors or trackers is typically accomplished by the proprietary
methods of the system vendors, which are beyond the scope of this thesis.

In 5.3.2, common registration patterns were introduced to determine static offsets be-
tween the coordinate systems represented by sensors, markers, or other objects. Confus-
ingly, some of them carry the word “calibration” in their names instead of “registration”,
such as the Tip Calibration, Hand-Eye Calibration, and SPAAM Calibration, due to histori-
cal reasons. Others are called 2D-3D Pose Estimation or Absolute Orientation (also known
as 3D-3D pose estimation). These terms are maintainted when referring to the concrete
algorithm. However, the term registration is used when referring to the estimation of
static spatial relationships in the SRG in general, regardless the algorithm(s) that could
be used to obtain a solution. Abstractly speaking, a node B is registered relative to
another node A when the static edge from A to B is known.

7.2.1. Basic Solution Patterns

As a matter of principle, a registration data flow is constructed in the same way as
any other tracking application data flow; it can be described fully by SRGs and DFGs.
Generally speaking, in a typical registration process, the TAR-engineer has to move
object(s) according to some rules depending on the chosen registration method while
the object(s) is (are) tracked by sensor(s) in the environment. The tracking data of each
sensor(s) is stored, and the desired static transformation can be determined from this
data.

Some processes require IAR-engineers to align several objects, e.g., the 2D image
displayed by the HMD with a given 3D coordinate for SPAAM Calibration or the tip of
a probing device with drillings known in world coordinates. In such cases, the engineer
has to signal when he is ready to take a measurement. When enough measurements
have been collected, the desired registration can be computed. The minimum number
of measurements depends on the chosen method, e.g., at least 3 corresponding 3D point
measurements are needed in two coordinate systems to use the Absolute Orientation
pattern. Normally, much more than the minimum number of measurements should be
collected to reduce errors by a least-squares optimization process.

During the registration process tracking measurements are streamed (pushed) from
one or more trackers into the DFN. They can be conditioned in three different ways
before being passed to the actual registration algorithm:
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Figure 7.4.: SRG and DFG for tip calibration based on discrete measurements. The
SRG shows all intermediary results.

Discrete measurements In the simplest case, all measurements provided by the tracker
are being continually collected, at the discrete update rate of the tracker. They can
either be directly fed into the time-expanded registration algorithm or stored using
the Recorder pattern. If the update rate is too high, it can be sub-sampled. For this
purpose, the collection mechanism is extended by adding the Buffer component?
and Sampler components upstream in the data flow, as depicted in Figure 7.4(b).
The desired frequency can be specified as an attribute of the Sampler component.
The SRG and DFG are depicted in Figure 7.4. The SRG is just a bloated version
of the Tip Calibration pattern, it does not reveal much more information. The DFG
however presents the necessary sequence of operations quite intuitively.

User-triggered measurements Instead of sampling automatically at regular time in-
tervals, measurements are taken upon user interaction. An asynchronous event
injected into the data flow via the Application Push Source Button component trig-
gers the Gate component to let pass a single measurement. This method fits well
with registration methods that require the manual alignment of objects. Figure 7.5
demonstrates this concept by means of the absolute orientation problem. The SRG
is omitted this time, it corresponds to the Absolute Orientation pattern depicted
in Figure 5.9(a). A generalized approach for tracker/display calibration by user-
triggered measurements has been presented by [Bail 03].

Some calibrations just need measurements from one tracking modality as input. The

2Using Linear Interpolation would degrade the quality of the data
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Figure 7.5.: DFG to solve the absolute orientation problem based on user-triggered
measurements

tip calibration depicted in Figure 7.4 is one example. Registering a tracker coordinate
frame with the world by probing a list of 3D coordinates on the object whose counterparts
in world coordinates are already known (e.g., from the CAD model), is similar. Data can
then flow directly in the DFN from the data collection components to the registration
components. This allows for online incremental parameter estimation as soon as the
minimal number of measurements are provided. If desired, more measurements can
be taken in order to incrementally improve the registration until the residual error is
considered to have converged against a reasonable value®. This is picked up again in 14.1.

In many calibration and registration processes, however, data streams of different
trackers need to be associated with one another to obtain pairs of corresponding mea-
surements. There are mainly two interaction methods for TAR-engineers to establish
such correspondences between measurements from several trackers:

Simultaneous measurements Both measurements can then be fed directly into the
time-expanded registration component in the DFG and one SRG is still sufficient
to describe the entire procedure. An example is shown in Figure 7.6. The asyn-
chronous timestamps of the two trackers have to be balanced, e.g., using the Linear
Interpolation component, if the two trackers do not correspond to the same trigger

3under the ideal assumption of no outliers
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group; otherwise, the DFG simplifies a bit. The negative effects of this interpola-
tion, as well as means to mitigate them, are described in detail in [Pust 11]. Most
importantly, the measurements with the higher update rate should be interpolated
to minimize interpolation errors. Using this solution, we can still benefit from
on-line incremental parameter estimation. It can be used with discrete measure-
ments as well as with glspluser-triggered measurement. The DFG in Figure 7.6
uses user-triggered measurements. For discrete measurements, the combination of
Buffer and Sampler shown in Figure 7.4(b) would have to be replicated for both
inputs of the Hand-Eye Calibration component. This method is well-suited for the
Hand-Eye Calibration pattern since the poses of two distinct entities Hand and Cal-
ibration Object can easily be tracked simultaneously, as depicted in Figure 5.9(b).
Similarly, the measurements for SPAAM calibration (cf. Figure 5.9(d)) should also
be collected simultaneously. On the contrary, to register two trackers with each
other via Absolute Orientation, a single pointing device that can be tracked by both
trackers, such as shown in Figure 1.6(b) or 1.6(c), would have to be moved around
to generate 3D point correspondences; this works only if two compatible trackers
are used.

Reproduction of measurements The idea is to conduct corresponding measurements
(e.g., a set of 3D points in space) sequentially, using one tracking system then the
other. Thus, a two-step approach for data-acquisition is needed, resulting in two
data flow descriptions.

First, a list of user-triggered measurements using tracking modality A is aggre-
gated via the Time-To-Space-Expansion Converter component and stored in a file
via the Calibration Writer component. This represents a form of implicit space-
expansion. Analogously to Figure 7.5 above, an Application Push Source Button
and a Gate component are used for the acquisition of user-triggered measurements
from modality A.

In the second data flow, the actual registration can take place, using both, mea-
surements from the stored file via the Calibration Reader pattern and user-triggered
measurements from tracking modality B, again analogously to Figure 7.5). The
implicit space-expansion of measurements from modality A is revoked by the List
Extractor component to obtain single time-expanded measurements again; they
can be processed, together with time-expanded measurements from modality B,
by the time-expanded version of the registration component. This method does
not work well with the discrete measurements method described above since it is
rather difficult to exactly reproduce the complete trajectory of an object, except
if you have a robot at your disposal. Often, aids are installed in the environment
to ease the reproduction of 3D point measurements. In metrology, adapters with
standardized drillings are used for this purpose which allow for repeated probing
using devices from different vendors having spherical tips with a common diameter
(see for example Figure 1.6(c)).
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7.2.2. Example: Hand-Eye Calibration for Indirect Tracking Setup

Two alternative methods can be used to estimate the static offset (green edge in Fig-
ure 7.2) between the Mobile Target and the Mobile Cameras. One solution to this problem
is to use the Hand-Eye Calibration pattern (cf. Figure 5.9(b)), with the Stationary Cam-
eras being the Robot, the Mobile Target being the Hand, and the Mobile Cameras being
the Eye. A marker visible to the Mobile Cameras can be placed rigidly in the scene as
the Calibration Object. The problem can hence be solved using the data flow description
depited in Figure 7.6. However, moving around the mobile setup and rotating about
various axes as needed by the algorithm, turned out to be difficult in practice, due to
the weight of the marker board and the deflections of the rigid connection resulting from
it.

The second alternative is a bit more elaborate. The Stationary Cameras and Mobile
Cameras are placed rigidly in the scene. Then, the Absolute Orientation scheme with
simultaneous measurements (see 7.2.1) is used to register both trackers with each other
based on the measurement of corresponding 3D point features. Concatenating the re-
sulting static transformation with the tracked transformation of the Mobile Target with
respect to the Stationary Cameras yields the desired result.

7.2.3. Example: Registration of the Reference Target in the Airplane Cabin

Each reference target is a plate precisely manufactured from a CAD model, with drillings
that can be probed using a laser tracker metrologic measurement device as depicted in
Figure 1.8 and 25 other drillings that can be probed with the IR tracker and a suited
probing device such as shown in Figure 1.6(c). For, this, the 3D coordinates of all
drillings that are known with high precision from the CAD model of the reference target
are provided in two text files suitable for the Calibration Reader component. Measuring
at least three drillings on the reference marker with the laser tracker allows computing
its rigid transformation in the World (aircraft) according to Figure 7.5.

When looking at the SRG in Figure 7.3, the only missing registration is between the
CAD model and the LED marker of the reference target. The LEDs have been attached
manually to the plate and are therefore not known with high precision. A registration can
be obtained by probing the 25 drillings known in the CAD model with the probe, again
according to Figure 7.5. The rather large number of 25 points shall reduce registration
errors from the rather inaccurate real-time tracking.

7.3. Application Interfaces

Typically, the data flow is driven by trackers that push their measurements into the data
flow network. Therefore, the sink(s) of the data flow (resulting transformation) also have
type PUSH if not explicitly changed by insertion of a push-pull conversion component.
The default thus is to use the Application Push Sink Pose pattern to convey the infor-
mation to the application. This and other patterns to model application interfaces hav
already been listed in 5.3.2.
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In some situations, it makes sense to use other means. In the intelligent welding gun
scenario (see 7.1.1), a legacy application without indirect tracking was already available.
It did not depend on Ubitrack but rather used the tracking data from the IR tracking
system directly which are transmitted via UDP packets over the network. Therefore, a
component called A.R.T. Sender was implemented which emulates the tracking system
by sending UDP packets with the same format. The component serves as a drop-in
replacement for the Application Push Sink Pose component. Therefore, no changes in the
actual TAR application were needed for the migration of the tracking system to Ubitrack
and indirect tracking.
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Figure 7.6.: SRG and DFG to solve the hand-eye calibration problem using simultaneous
user-triggered measurements. The SRG shows all intermediary results. Note
that the event generated by the Application Push Source Button component
does not have a representation in the SRG since it does not have a spatial

interpretation.
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8. Advanced Graphical Modeling Concepts

The implementation of the sample scenarios above reveals major potential for improve-
ments in the graphical modeling process. This section describes two techniques that
can further ease the SRG modeling process. Semi-automatic modeling automates sim-
ple operations and lets the user focus on the essential deduction steps. Meta-patterns
provide best-practice solutions to well known problems, reducing the modeling problem
to the addition of a few patterns only. Both techniques significantly reduce the number
of modeling operations that have to be performed manually.

8.1. Semi-Automatic Modeling

Manual pattern matching can become a very tedious procedure. In more complex setups,
the number of patterns to be integrated in the SRG increases quickly. A concatenation
of n edges requires n — 1 applications of the Multiplication pattern. In addition to that,
some edges have to be inverted. In practice, approximately half of all matchings of full
patterns fall upon the Inversion and Multiplication patterns (e.g., 5 out of 12 in Figure 7.2
and 6 out of 13 in Figure 7.3).

Automatic pattern matching can relieve the user from the trivial aspects of these
and other modeling operations. Figure 8.1 depicts a typical modeling situation. The
transitive transformation from A to D shall be deduced using known transformations
from A to B, B to C, and C to D, respectively. Three full patterns are necessary to solve
this simple problem and overall six solutions exist, one of them is shown in Figure 8.1(b).
It first deduces a transitive transformation from B to D (Multiplication), then converts the
synchronization mode of transformation A to B from push to pull (Linear Interpolation)
and finally concatenates both to the desired result (Multiplication).

Fully automatic pattern matching is offered by the Ubitrack server. [Hube 07]
[Pust 11]. In principle, any edge in the SRG can be deduced automatically, if there is a
solution at all, by iteratively applying full patterns in a brute-force approach. Though the
SRG concepts guarantee that the automatic pattern matcher only inducts semantically
meaningful SRG edges, the approach has its limitations in selecting optimal patterns for
every purpose. It is not easy to ensure that the chosen deduction steps meet the AR
engineer’s notion of the solution. The distributed DWARF tracking framework uses a
path search strategy ondirected graph model to insert trivial operations such as inversion
and multiplication automatically [Wagn 05]. This algorithm performes much faster than
brute-force pattern matching. However, it works only for trivial operations.

In particular, the many push/pull variations may require fine-tuning by the engineer,
once the overall setup has been configured. Assuming that the two tracked edges in
Figure 8.1 offer comparable tracking quality at different frequencies, the location of the
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Figure 8.1.: Typical modeling situation which requires many applications of full patterns.

Interpolation component in the DFG influences the resulting quality and one would want
to interpolate between measurements of the faster tracker. Differing tracking qualities
between both trackers further complicates the consideration.

To exploit the best of both options, trackman provides semi-automatic modeling fa-
cilities. It uses the same pattern-matching algorithm as the Ubitrack server. During
manual operations, IAR-engineers can enable automatic pattern matching for individual
groups of patterns (e.g., for all variations of the Multiplication pattern or the Inversion
pattern) while keeping other, more critical patterns such as the Linearlnterpolation under
strict manual control.

The automatic pattern matcher can be invoked in two ways. The first is to select the
source and then the sink node of the transformation to be deduced and then to activate
the matcher in the menu. The second method is to first integrate a query pattern into
the SRG by unifying its source and sink nodes and then invoke the matcher on the
corresponding dashed input edge.

Both, manual and automatic pattern matching have their advantages and drawbacks.
This is reflected in the semi-automatic modeling approach, and also in the fact that
trackman and the Ubitrack server use the same SRG and data flow description formats
such that both concepts can be further interlocked on the middleware layer in the future.

8.2. Meta-Patterns

Another approach to simplify the modeling task is to provide reusable template solutions
for common, recurring problems in terms of meta-patterns.

90



8.2.1. Definition

Basically, a meta pattern is an SRG consisting of more than one pattern that can be
embedded in other SRGs for reuse. It contains only those patterns that belong to the
reusable core of the solution. Interchangeable aspects can be left open. In particular,
the meta-pattern may contain unmatched input edges (dashed). A meta-pattern can be
embedded in an SRG like any other pattern. It differs from a normal pattern (cf. 5.3)
in that it is non-atomtic and can always be dissected in its building blocks.
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Figure 8.2.: Meta pattern describing the principal layout and application interface of the
sample SRG in Figure 5.2(b).

To illustrate the idea behind meta patterns, Figure 8.2 shows the sample SRG from
Figure 5.2(b) with all base patterns removed, i.e. nodes have a dashed rather than a
solid line (see also Figure 6.8). This meta pattern still conveys the basic structure of the
sample application, with HMD and target being tracked by a single tracking system, as
well as the application interface. It can be completed by simply matching an arbitrary
tracker pattern (providing a push measurement of type Pose) twice with the input edges
of the meta pattern in order to obtain a valid data flow description again.

8.2.2. Applications

Registration problems are especially suitable for a description in terms of meta patterns.
The estimation of a static transformation is generally constructed around a fundamental
registration algorithm. Furthermore, a more or less constant set of additional patterns is
needed which are responsible for steering the process of measurement acquisition. Fig-
ure 8.3 shows an exemplary meta pattern built around the Hand-Eye Calibration pattern
according to the user-triggered simultaneous measurement acquisition scheme described
in 7.2.1 (cf. Figure 7.6).

Only the Pose measurements of two trackers have to be added to complete the meta
pattern to a full SRG (dashed edges). In this example, the measurements are collected
simultaneously, manually upon user interaction (cf. 7.2.1). Furthermore, the Calibration
Writer component has to be parameterized with a suitable path. The other solution
patterns for registration problems provided in 7.2.1 can be packaged in meta-patterns
in the same way.
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Figure 8.3.: Meta pattern for hand-eye calibration based on user-triggered simultaneous
measurements. (a) With all patterns and edges visible. (b) With all except
the interface hidden (cf. 6.5)

Meta patterns provide a quick solution for algorithm-centric problems such as registra-
tion procedures where complex data flow operations such as synchronization, aggregation
and user interaction are integrated around a central algorithmic pattern. Particularly
these complex data flow operations highly increased the complexity of modeling the
data flow. They cannot be treated intuitively in the SRG (cf. 6.4.3), requiring the TAR-
engineer to switch to the low-level DFG editor. Meta-patterns thus help to reduce the
amount of expert knowledge needed to solve particular problems.

8.2.3. Integration in trackman

The current implementation of trackman does not yet handle meta patterns conceptually,
i.e. there is no explicit category or treatment for them. Rather, meta patterns can be
stored to or loaded from a UTQL file, like any other SRG. Also, they can be imported
into existing SRGs. trackman does not have a notion of a meta pattern as a single entity;
rather, the set of atomic patterns it consists of are handled individually. This also means
that meta patterns are not supported in automatic pattern matching. At least, the edge
and pattern hiding mechanisms (cf. 6.5) can be used to mask internal functionality of
the meta pattern in the SRG editor and present to the user only its interface in terms
of those input and output edges that are relevant for embedding the meta pattern, as
demonstrated in Figures 8.3(a) and 8.3(b).

However, these internals cannot be hidden in the DFG view. Instead, it should be
possible to treat the meta pattern as a single pattern in the GUI and to construct
meta patterns containing other meta patterns, recursively. In the DFG view, the meta
pattern could then be compacted to its interface, too, as depicted in Figures 8.4(a) and
8.4. This could simplify the DFG to a great extent. A group feature would be necessary
to create ad-hoc meta patterns. An ungroup feature would allow one to “enter” the
meta pattern again for later changes. Such a functionality is known from graphics and
presentation software suites such as Powerpoint, to group primitive geometric shapes.
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Figure 8.4.: DFG of meta pattern for hand-eye calibration based on user-triggered si-
multaneous measurements. (a) With all data flow components visible. (b)
Desired representation as a compacted data flow component revealing the
interface of the meta pattern only.

It is also available in Matlab Simulink [Simu 11] where data flow components can be
nested recursively (cf. 3).

This would allow for a consistent assembly /disassembly of the meta pattern; removing
it from the SRG again would be a single operation only. The performance in trackman
would increase, in particular the performance of automatic sync propagation (cf. 6.4.4).
Last but not least, meta patterns could also be used in automatic pattern matching.

Remark: In case of doubt, new Ubitrack data flow components shall be designed
as fine-grained as possible to allow for maximum flexibility. If functionality can be dis-
tributed to several components, this is the way to go. A bad example is the DirectShow
Framegrabber component. Unlike the other framegrabbers in Ubitrack (see 5.3.2, it al-
ready contains the radial undistortion, although this functionality also exists as dedicated
Radial Undistortion component. Although this results in DFGs containing more atomic
data flow components, the complexity, and also the number of matching operations in
trackman can be kept low using meta-patterns; the DFG also remains maintainable.
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9. Discussion

9.1. Summary

Unlike other graphical data flow editors such as [Serr 08], Matlab Simulink [Simu 11],
and Spatial Analyzer [Kine 11], trackman provides a two-layered graphical modeling ap-
proach. The SRG allows for an intuitive understanding of the spatial relationships and
guarantees the semantic correctness of the resulting DFG. In a round-trip engineering
approach, data flow oriented operations can be directly performed on the DFG, with-
out loosing the semantic correctness property. TAR tracking scenarios with unforseen
complexity could be realized using this tool. Pattern templates can be imported for
modeling from their XML specifications, keeping trackman compatible with upcoming
Ubitrack versions.

During an offline planning phase, the tracking problem at hand is described by itera-
tively inserting spatial relationship patterns (components) into an initially empty SRG
(DFG) and combining them by node unification and edge matching (port connection)
operations. The sequence of modeling steps is almost arbitrary, bottom-up and top-down
modeling being the two border cases. Many pattern application steps can be automized
which simplifies the design process a lot. In this semi-automatic modeling process, the
IAR-engineer always keeps control of granularity and scope of automatically-made de-
cisions. Furthermore, meta patterns provide default solutions to common problems,
reducing especially calibration problems to a few mouse clicks. The result of the model-
ing process is a data flow description that can be used by an application, together with
the Ubitrack library, to instantiate a tracking data flow. This enables us to change or
modify an existing tracking environment very quickly, without the need to alter the AR
application at all.

9.2. Advantages and Limitations of Graphical SRG Modeling

The SRG provides an intuitive representation of spatial relationships between different
coordinate frames of trackers, markers as well as real and virtual objects. It lends itself
to a documentation of the implemented concepts.

However, some non-spatial operations such as user-triggered events (cf. Figure 8.3(a))
or image undistortion (cf. Figure 7.6(a)) are not manageable intuitively in the SRG.
It should rather be restricted to spatial transformations. Non-spatial operations also
represent a big challenge in implementing the system. However, due to round-trip engi-
neering, the SRG integrates well with the fully featured DFG and the SRG helps a lot
to understand the otherwise unintuitive DFG. One could think about restricting such
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steps to the DFG only to avoid having many barely distinguishable edges in the SRG.
Alternatively, a hiding mechansim could be provided on an optional basis. Already,
the problem can be mitigated to some degree using meta patterns and the edge hiding
feature.

Even though many operations are better performed in the DFG than in the SRG, the
latter still allows for consistency checks regarding the spatial correctness of each modeling
step. However, procedural correctness is still difficult to ensure. For example, the
synchronicity of two PUSH inputs served by two Ubitrack tracker components belonging
to the same Ubitrack module cannot be verified, since the module concept is encapsulated
inside the Ubitrack library. It should be made explicit in the pattern templates used by
trackman.

9.3. Relationship between trackman and Dynamic SRG
Modifications

In the context of TAR, the need for dynamic SRG modifications has been received low
priority in 4.2.3 and 4.2.4. Nevertheless, trackman was designed as a generic tool. There-
fore, the interoperability of trackman and the Ubitrack server has been kept in mind,
even though it has not been pursued with a high priority. Both use the UTQL XML
dialect to convey SRGs and DFGs.

Base SRGs created in trackman can already be sent to the Ubitrack server for inte-
gration into the world SRG. In the other direction, trackman can open the returned full
SRGs, with some deductions in the graphical layout of the SRG and DFG. A continual
surveillance of the world SRG incorporating dynamic changes on-the-fly could easily be
implemented, if necessary. Furthermore, the pattern matching algorithm used to imple-
ment the semi-automatic modeling techniques described in 8.1 is identical to that the
Ubitrack server is using.

9.4. Possible Improvements

trackman could be enhanced in many ways. Currently, each SRG is treated individually.
As shown in Chapter 7, typically several SRGs are needed for a certain scenario, at
least one describing the application itself, and various more for prior registration tasks.
A project management facility would simplify the managemant of SRGs belonging to-
gether. In particular, paths to calibration files used by Calibration Writer and Calibration
Reader components could be handled consistently. Furthermore, wizards could easily be
provided to guide through the various registration steps in the correct order.

Wizards could also be provided for the solution of typical tracking scenarios, based on
the already available meta patterns. They should furthermore point out to missing SRG
edges to be provided as well as to mandatory or optional node/edge/pattern attributes
to be specified.

Especially during development and testing of an SRG, it should be possible to deacti-
vate individual patterns or meta patterns such that different variants of the data flow can
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be tested without changing the SRG. This would especially help in cross-platform devel-
opment where patterns representing sensor drivers, such as for example framegrabbers,
sometimes have to be switched.

Patterns could be handled in an elaborate way. The pattern catalogue 5.3.2 lists more
than 200 patterns. The existing categorization in terms of pattern syntax and semantics
is quite helpful and the concept of trigger components (cf. 5.4.1) already constrains
the length of the catalogue by providing a single component only for n? different sync
configurations, n being the number of inputs in the trigger group. An intelligent handling
of not only the synchronization type but also the data type would further constrain
the combinatorial explosion. Currently, there exist for example eleven versions of the
Multiplication component.

Regarding the GUI itself, several improvements lend itself to be implemented. Differ-
ent colors should be used for SRG output edges, depending on whether they are static
(base pattern), tracked (base pattern), or derived (full pattern). Additionally, output
edges directly connected to a query pattern (data flow sink) should be highlighted. An
example is shown in Figure 13.11.

Furthermore, an automatic hiding mechanism for edges and patterns would be helpful
to ease clarity. Edges could be shown/hidden according to the above-mentioned char-
acteristics also used for coloring. In addition to that, it would make sense to show/hide
output edges according to whether any input edges match against them or not. By
this, “used” edges could be hidden, accomodating the fact that many edges are needed
exactly once and afterwards only clutter the representation . This happens whenever
chains of data flow components occur in the DFG, as depicted in Figure 7.6(b).

In the DFG, a coloring scheme would be helpful to visualize data flow synchronization.
Showing pushed edges in red and pulled edges in green' would make the DFG more
intuitive than in the screenshot of trackman (cf. Figure 6.1). Consider Figure 11.3 as
an example. It even distinguishes different sources of PUSH events.

An undo functionality would complement the existing set of operations. In fact, all
matching operations in the SRG/DFG can already be undone by selecting the proper
operation but a primitive undo is easier to use.

! As for most of the DFG graphics in this chapter
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Tracking accuracy plays an important role in many AR applications, not only in the
TAR scenarios described in 1.3.2. In this part, a generic approach for the management of
tracking errors is formulated that is embedded in the methodology described in the pre-
vious part. It is based on verification by simulation paired with validation by empirical
measurements.

The chosen approach is evaluated, mainly based on our two exemplary scenarios, the
intelligent welding gun and the airplane cabin, as well as some additional preexami-
nations. Related concepts that are not directly applicable to our scenarios, are also
integrated into the context. All relevant steps for error management are considered,
ranging from the elementary specification of sensor uncertaintys via the tracking of in-
dividual markers and the registration of objects in the scene with respect to each other,
to the overall IAR application.

The subsequent chapters describe integral components of this general approach. Chap-
ter 10 starts with a review of statistical methods for the description and propagation
of uncertainties. This covers also existing standards in the field of industrial metrology.
Chapter 11 treats the integration of a Monte Carlo simulation framework into Ubitrack,
as a generic means for the propagation of uncertainties through the data flow towards the
spatial relationship that is relevant for the IAR application. This is based on an elemen-
tary specification of uncertainties that is assumed to be known for the involved sensors.
Chapter 12 elaborates on how to provide this elementary specification of uncertainty. It
shows how to determine a suitable degree of granularity to specify the basic sensor noise
for a given system and how to assign a realistic quantity with it. In Chapter 13, the
generic approach of verification and validation is finally applied to the main scenarios,
the intelligent welding gun and the augmented airplane cabin application. Based on this,
Chapter 14 demonstrates concepts for error mitigation during runtime. A wrap-up of
concepts to deal with measurement uncertainties is presented in Chapter 15.
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10. Quantifying Measurement Uncertainties

This chaper reviews state-of-the-art methodolgies that exist in the field of AR for the
treatment of uncertainties. It starts with the statistical foundations for expressing un-
certainties. Common standards in the field of accuracy assessment for spatial sensing
devices are then presented. This is followed by a review of error propagation techniques
which also incorporates its relations to the field of metrology and nonlinear least-squares
parameter estimation. Finally, a generic verification and validation approach is for-
mulated, based on extensive simulation paired with a restricted number of empirical
measurements.

10.1. Representation and Categorization of Uncertainties

In this section, common error classification schemes are presented. Furthermore, basic
error statistics are introduced that are used throughout the remainder of this part.

10.1.1. Categorization(s) of Errors

Azuma distinguishes between static error and dynamic error [Azum 97]. The latter is
caused by various kinds of system delays and lags that are introduced during sensing,
data procssing, and communication between subsystems. See [Pust 11] for the impact
of dynamic errors that originate from within the tracking infrastructure. They impact
the overlay accuracy (e.g., in the HMD) during movement of the viewpoint or tracked
objects. Dynamic errors are not an issue as long as all objects remain still. For industrial
TAR applications that provide quantitative measurements to the user, static errors are
relatively more important and thus are investigated more thoroughly here.

Static errors are introduced mainly in the tracking subsystem, as well as in display
calibration. For the quantitative measurements needed in our scenarios, the latter can
be negelected since no AR overlays are diplayed. However, having an accurate real-time
tracking system is not sufficient to eliminate static errors. The overall static error that
is relevant for the application, is composed of various potentially independent sources:
sensor calibration, offline metrologic measurements, registration of coordinate frames,
and real-time tracking [Holl 95] [Holl 97].

Another often-cited classification distinguishes between precision and accuracy
[Baue 06] [Baue 07] [Pent 09]. The term precision denotes the characteristics of the
random distribution of samples around the sample mean whereas the term accuracy de-
notes a systematic deviation of the sample mean from the true value. In this model, it
is assumed that the random error in a certain measurement results from many different
influences which therefore can be modeled by a Gaussian distribution, according to the
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central limit theorem. The systematic error, however, is caused by a few unknown and
uncontrolled effects.

Azuma used the term non-systematic to characterize random effects [Azum 97]. Pen-
tenrieder also makes this distinction in her work about AR based factory planning
[Pent 09]. Ideally, systematic errors can be fully removed by appropriate calibration
and registration procedures. An example is the undistortion of the magnetic field which
is warped under the presence of metal objects [Zach 97]. In effect, due to dynamic scene
changes (vibrations, dilatation due to temperature changes) and simplified physical mod-
els, systematic errors can never be fully eliminated.

Real-time tracking devices may provide many measurements at almost no cost, e.g.,
50 poses of a marker when the camera pose is kept constant for one second and the
camera provides 50 frames per second. It is questionable, however, whether such a sim-
ple repetition of the measurement under repeatability conditions yields much additional
information in terms of a realistic sample distribution. Rather, the observed sample
distribution is often rather small. To get better results, Niemeier and Luhmann suggest
to repeat the experiment under reproducibility conditions [Niem 08] [Luhm 00a]. In the
marker tracking example, this could mean to measure the poses of two markers instead
of just one, and to observe the relative pose offset between the two markers instead. If
the (unknown) true pose of two markers remains constant while the camera is moving to
capture the scene from different perspectives, the relative pose varies. The experiment
reveals an additional influence of error which depends systematically on the pose of the
camera with respect to the rigid arrangement of markers. But does this experiment
already reveal the full extent of systematic error that is present in the setup? Further
influences might be investigated that were kept constant so far, such as the distance or
the relative orientation between the two markers.

To demonstrate the importance of such systematic effects, we conducted a similar
experiment. Two independent IR tracking setups observe the pose of the same marker
which is lying on a table in the center of both tracking volumes. As Figure 10.1(a)
shows, the relative offset between the two trackers can be deduced from these two pose
measurements. Since the trackers are not moved during the experiment, the offset is
supposed to remain constant as the target is being rotated thrice about an axis orthog-
onal to the table. Using Equation 10.21, the rotational part of the relative offset can be
expressed in terms of a rotation axis and a single angle describing the rotation about this
axis. Figure 10.1(b) depicts this angle, relative to its mean value. Instead of a constant
value, a sinusoidal behavior is observed. This simple experiment already reveals a large
amount of systematic error.

The question remains whether all systematic influences have already been revealed,
or whether maybe more measurements under yet unexplorerd conditions (e.g., rotating
the marker about another axis than orthogonal to the table), would maybe reveal even
larger effects. To conclude, the assessment of all kinds of potential systematic influences
quickly becomes expensive or even infeasible.

This simple example poses several important questions. How can we obtain compara-
ble values from different kinds of measurements? Which canonical representation format
shall be used to represent all the errors? Is there a simpler experiment which yields the

100



ART
Tracker
A

ART.
Delta Tracker
B

Measurement A Measurement B

Inverted Measurement A

(a) SRG

Ay [deg]

3 time[s
50 (sl

(b) Deviation of Ay from its mean

Figure 10.1.: Simple demonstration of systematic error. A 6DoF pose offset Agpor re-
lates both tracking systems. A single, relative orientation angle Ay is
derived by converting the quaternion to the axis-angle represenation us-
ing Equation 10.21 and subtracting its mean value. One would expect A
to be independent of the pose of the marker. However, it shows a large
sinusoidal oscillation, as the marker is rotated thrice on the table.

same results?

The ISO “Guide to the Expression of Uncertainty in Measurement” (GUM) [ISO 08]
suggests a pragmatic approach for the treatment of errors. It introduces the broader,
“operational” term wuncertainty. It subsumes both, precision and accuracy and deliber-
ately makes a distinction to the classical, “ideal” term error. The latter, by definition,
can only be stated if the true value of the measurand is known, a requirement that can

hardly be met. The following elementary terms and definitions are directly quoted from
the GUM:

e Accuracy is the “closeness of the agreement between the result of a measurement
and a true value of the measurand. [...] The term precision should not be used for
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accuracy.”

o Repeatability is the “closeness of the agreement between the results of successive
measurements of the same measurand carried out under the same conditions of
measurement”

o Reproducibility is the “closeness of the agreement between the results of measure-
ments of the same measurand carried out under changed conditions of measure-
ment”

o Uncertainty is a “parameter, associated with the result of a measurement, that
characterizes the dispersion of the values that could reasonably be attributed to
the measurand”

e FErroris the “result of a measurement minus a true value of the measurand”.

e Random error is the “result of a measurement minus the mean that would result
from an infinite number of measurements of the same measurand carried out under
repeatability conditions”. [...] “Random error is equal to error minus systematic
error.”

e Systematic error is the “mean that would result from an infinite number of mea-
surements of the same measurand carried out under repeatability conditions minus
a true value of the measurand”. It is “equal to error minus random error”. Fur-
thermore, “like the true value, systematic error and its causes cannot be completely
known”.

The GUM distinguishes two methods for the evaluation of uncertainties. Type A is
the “evaluation of uncertainty by the statistical analysis of series of observations”. This
comprises e.g., the a posteriori variances and covariances resulting from adjustment com-
putation which is often performed in conjunction with non-linear optimization [Niem 08].
Type B is the “evaluation of uncertainty by means other than the statistical analysis of
series of observations”. This incorporates among others the usage of uncertainties speci-
fied by the vendor or computed from previous measurement data. Type B uncertainties
can even be guessed, based on experience and general knowledge. This is reflected in
the following quotation: “The proper use of the pool of available information for a Type
B evaluation of standard uncertainty calls for insight based on experience and general
knowledge, and is a skill that can be learned with practice. It should be recognized
that a Type B evaluation of standard uncertainty can be as reliable as a Type A eval-
uation, especially in a measurement situation where a Type A evaluation is based on a
comparatively small number of statistically independent observations.” [ISO 08].

According to the GUM, an uncertainty value, be it expressed as a Type A or B value,
shall incorporate not only random effects (precision) but also all those systematic effects
(accuracy) that can be somehow assessed. This specification of one uncertainty value
that comprises both effects has several advantages. Forward and backward error propa-
gation techniques can be applied directly to derive the combined uncertainty of another
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result in which the initial result is used. Confidence intervals can be directly computed.
Last but not least, no explicit distinction is needed. This is of great importance, since the
true value is normally unknown, so it is difficult to state systematic effects explicitly. For
this pragmatic approach, particularly the Type B specification of uncertainties, the GUM
has also been critized; nevertheless, it remains the state-of-the-art approach [Niem 08].

10.1.2. Basic Error Statistics

The derivation of the underlying error statistics would go beyond the scope of this
thesis. Therefore, just the notations are introduced, and the reader is referred to the
literature [Koch 97] [Niem 08] [Hart 00] [Baue 07] [Pent 09] [Pust 11].

Traditionally, error is specified as the deviation of a single sample z; of a measurand X
from the expected (true) value p. The true value can be approximated by the arithmetic
mean (average) computed over the n sample values z;.

n .
BIX] = i~ X = 217
n

(10.1)
Deviations from this mean are typically characterized by the standard deviation o, which
is approximated by the empirical standard deviation s.

n 2
VAR[X] = 02 ~ 2 = 2=t (T = 1) (10.2)
n—1
It represents the expected deviation of the sample from p. For larger n, the empirical s
approaches the unknown true standard deviation ¢ and the —1 can be omitted. Often,
its squared value, the variance o2 is specified. For multi-dimensional measurements
such as 3D position measurements, or 6DoF poses, the covariance matrix 3 replaces the
variance ¢. X is a positive semi-definite matrix in general. Its computation is described
below in 11.

The distribution of the empirical sample mean X is again a random variable. If it is
computed from uncorrelated X;, it has the variance
*  VAR[X; 2
— Zz:l [ 2] — i (103)

n2 n

VAR[X] = VAR[Z%1 Xi]

An important property of the variance is used here which states that the sum (or the
difference) of uncorrelated random variables is the sum of their variances. As a con-
sequence, the estimate of a quantity, e.g., an uncertainty, becomes better (decreasing
variance), the more (uncorrelated) samples are incorporated and converges to 0.

Often, for random variables, a Gaussian distribution function can be as-
sumed [Koch 97] [Niem 08] [Gelb 74]. In the general, multidimensional case, it is defined
by

1

_ e 2@ B @op) (10.4)
(2m)2 (detX)z

fz) =
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In some cases, uncertainties might be better represented by a uniform distribution than
by a Gaussian distribution [ISO 08]. For this case, a conversion is necessary between
the sample variance and the minimum and maximum devations that characterize the
uniform distribution. The variance of a uniform distribution is given by

1
0? = —(maz — min)>. (10.5)
12
Assuming that |min| = |max| and solving for |mazx|, we obtain
|maz| = V/30. (10.6)

This allows one to represent the empirical standard deviation s to be used with a one-
dimensional uniform distribution and is needed below to generate artificial measurement
data for simulation purposes. The generation of general uniform distributions from
a given covariance matrix 3 is non-trivial, since uniformity, unlike normality, is not
preserved by linear transformations. A method for the generation of multi-dimensional
correlated random variables according to a general covariance matrix has been described
by Fackler [Fack 91].

10.1.3. Root-Mean-Square Error

The root-mean-square (RMS) error egpygs is a scalar, absolute error measure and rep-
resents the root of the mean of the squared errors. It is defined as follows [Baue 07]

[Wile 05]:
CRMS = \/Z?nl & _ \/2?1(% — 1)’ (10.7)

n

Thus, the computation of the eryg is based on the typically unknown ground truth
value p. As a replacement, the empirical mean X can be used. Another term for egng
is residual error.

An interesting relationship can be established between the RMS error egymg on the
one hand and mean and standard deviation on the other hand [Wile 05]. Expanding
Equation (10.2), one obtains

T 2ept )
n—1

n )(Z?:ﬁ?72MZ?:161'+H2Z?:11)

= (

n—1 n n n
n
=(—7)( Baas — 2pp+ 12)
n
= (m)(G%{MS - /~L2) (10.8)

Isolating egyms in Equation (10.8) yields

n—1
€ERMS = \/( - )0'2 + ,u2, (10.9)
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and for large n
€ERMS ~ V02 + 2. (10.10)

Thus, at least theoretically, the overall error can be seperated in its systematic (accu-
racy) and random (precision) components. However, this explicit separation is difficult to
obtain and useless for practical purposes. Following the principles of the GUM [ISO 08],
we therefore just estimate the overall egyg, interpret it as the uncertainty and model it
in terms of o, distributing the deviations around 0.

Note that this is exactly what happens when we switch from repeatability conditions
to reproducibility conditions: with each additional systematic effect p; that is “revealed”,

>

the overall empirical p = IL:T”L? approaches 0 since the systematic effects cancel each
other out globally whereas o increases. Fortunately, it is enough to conduct these ex-
periments under reproducibility conditions to obtain a realistic o, an explicit statement
of the various systematic effects p; is typically not needed. They can be subsumed in
the single quantity o.

For multidimensional error distributions, this result can be extended [Kana 93]
[Kana 96].

ers = v/ (E) + [l (10.11)

Here, tr(3X) represents the trace norm of the covariance matrix ¥ and ||p| is the Eu-
clidean norm of the expected error p. If we assume unbiased, independent, and isotropic
errors, we obtain

N
tr(X) =) 07 = chus- (10.12)
i=1
Thus,
2 1
o; = EERMS (10.13)

Equations (10.12) and (10.13) allow for the simple conversion between general covariance
matrices and the scalar RMS value, based on the simplified assumption of unbiased,
independent, and isotropic errors.

The RMS error is particulary useful for the specification of errors for 3D position mea-
surements since its value then corresponds to the average Euclidean distance error. When
matching point clouds from different coordinate frames, it is defined as follows [Wile 05]:

1 n
envis = | - | Hp, — a2 = \Jur(S58) = Vo2 + 2 (10.14)
=1

Thereby, p; and q; are corresponding 3D position measurements in different coordinate
frames P and @, related by the 6DoF pose H. The root of the mean of the squared

Euclidean distances || . || of the mapped point sets is equivalent to the root of the trace
tr of the 3D covariance matrix Zf)f)s?’. Assuming an isotropic error model, €5 can also

be expressed in terms of the expected deviation p (systematic error) and its standard
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deviation o (random error). When observing several point clouds measured in the same
coordinate frame, Equation (10.14) is slightly modified to obtain the RMS per point i

1 — -
erms; = | — > || piy— i | (10.15)
j=1

where p; is the mean of all measurements j at position i. The overall RMS error then is

n

1 1 & B
ervts = | = > (D 1 piy = pi ) (10.16)
i=1 j=1

10.1.4. Expressing Orientation and Pose Error

In this context, rotations are expressed in terms of unit quaternions [Kuip 02]. Alto-
gether, a 6DoF pose transformation of a 3-vector @ is represented as follows.

Tnew = t + q,xq. (10.17)

Thereby, t is a 3-vector describing the translation and g, is a unit quaternion repre-
senting the rotation. The * is the quatnerion conjugation. See also [Pust 04] for the
representation of spatial transformations in Ubitrack.

A rotational error can be expressed in terms of an unnormalized “small” quaternion

Qe ~ (€ra, erys erzy )T (10.18)
that is multiplied with the actual rotation. This yields the following pose transformation
including error:

Tnew =t + te + qrqequq:' (1019)
The uncertainty of this transformation can be expressed in terms of a 6x6 covariance
matrix 3.

(tes ey tes: des ey dez) ~ N(0, %) (10.20)
A much simpler representation of rotational error can be obtained by converting g. to
the axis-angle representation

¢ = 2arccos(quy)
g = qz/ /(1 = qz,)
ay = qy// (1 - qz)
a: = q:/V(1—q2) (10.21)

where a is the associated axis and ¢ is the angle of rotation about this axis [Hart 00].
The conversion back to the quaternion is given by

q= (asin(%), cos(g))T (10.22)
The axis associated with the erroneous orientation is often of secondary importance only.
More interesting is the associated angle. It provides an intuitive scalar error measure,

as can be seen in Figure 10.1.
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10.2. Error Standards for Spatial Measurements

Several standards are available that describe in detail the assessment of uncertainties of
metrologic measurement devices.

e ISO 10360 (Parts 1-13):Acceptance and re-verification tests for all kinds of coor-
dinate measuring machines

e VDI/VDE 2634: Optical 3D measuring systems

— Part 1: Imaging systems with point-by-point probing. This includes devices
using optical (triangulation) and tactile probing.

— Part 2: Imaging systems for surface probing

— Part 3: Multiple view systems based on area scanning. This describes devices
using triangulation from multiple viewpoints for 3D reconstruction. This
part explicitly excludes those devices where the sensor is positioned using
translational and rotational axes.

e VDI/VDE 2617, Parts 1-13: Accuracy of coordinate measuring machines—Para-
meters and their reverification. Accuracy assessment for all kinds of coordinate
measurement machines. E.g., part 9 describes mechanical measurement arms.

o ASMEBS89.4.22: Methods for Performance Evaluation of Articulated Arm Coordi-
nates Measuring Machines. Similar to VDI/VDE 2617 (Part 9).

A brief overview of these standards is given in the following, focussing on the issues
relevant for this thesis. An in-depth treatment has been provided by Chmill [Chmi 08].
Their primary goal of the mentioned standards is the standardization of

e acceptance tests, to be carried out by the system vendor, maybe at the customer’s
site.

e reverification test, to be performed at the customer’s site

e between-process inspection and testing, is performed frequently with mechanic
CMMs or laser trackers by returning to a home calibration sphere inside the mea-
surement volume to confirm system consistency by confirming the reproducibility
of point probing or the estimation of the diameter of special calibration spheres
from various directions.

Depending on the type of device, the measurement prescriptions vary. Deviations
exist mainly in the regulations for the placement and orientation of measurement de-
vices, probes and reference objects, as well as the repetition of measurements under
reproducibility conditions (cf. 10.1.1). The quantities to be measured mainly are

e probing error, that is the measurement of position, diameter, and shape (round-
ness) of individual rigidly installed reference spheres in the volume by touching
them from different directions
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e length measurement error, assessed using length standards and artefacts which
can be measured by optical or tactile probing, like other typical workpieces, for
different orientations of the artefact in the volume

Length measurements might seem unintuitive. Practically, however, they are often
easier to obtain. When combining two sensor systems, e.g., in a cooperative fusion
setup, the errors of both devices have to be considered when performing the registration
(cf. 7.2) between them. Note that perfect length measurements in both modalities also
yield perfectly matching point clouds in both modalities and therefore an error-free
registration. This emphasizes the usefulness of the generic length measurements.

In VDI/VDE 2634 (Part 1), only length measurements are conducted explicitly. The
probing errors are incorporated implicitly in these measurements since all measured
lengths depend on the proper probing of the points defining the length. An example
from this norm is shown in Figure 10.2.

Figure 10.2.: Recommendation for distances to be measured in a given volume according
to VDI/VDE 2634 (Part 1) [VDI 02]

For example, VDI/VDE 2617 (part 9) for measurement arms requires three spheres
to be probed in the measurement volume at different distances (arm deflection lower
than 30%, between 30% and 70%, and higher than 70%) from the arm’s major axis.
For reproducibility, these spheres have to be touched from five different directions. This
ensures that different joint configurations are used and thereby facilitates the revelation
of systematic errors. The ASME B89.4.22 goes a bit further than VDI/VDE 2617 (Part
9). It requires error statistics to be computed instead of a simple compliance with the
maximum deviation values. It also provides guidlines for machine classification, envi-
ronmental specifications (temperature, humidity, vibration, oscillation, external forces
e.g., on device carrier), and machine performance in terms of comparison tests.

The described standards only cover classical measurement setups. Often, these sys-
tems are rather simple and their operating conditions are well-defined, facilitating a val-
idation based on empirical measurements. However, even closely related devices, such
as a mechanical measurement arm equipped with a laser scanner unit, are not covered.
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To assess the accuracy of such systems, the existing standards have to be interpreted
accordingly. The described uncertainties for point probing and length measurements
generally keep their worthiness, only the testing modalities have to be adapted to the
charachteristics of the new device. An example for such an adaption is given in [Chmi 08].

The complexity of the adaption thereby depends on the complexity of the sensor
system. Measuring the distance between tactile points is rather straightforward for a
mechanical measurement arm, not however for an IR tracking system consisting of sev-
erall cameras, because the performance now also depends on the camera setup (extrinsic
camera parameters) as well as the number and distribution of fiducials on the probe
and the tip offset. The degree of complexity is also increased drastically when multiple
devices are incorporated in a single setup because then, also uncertainties from the reg-
istration of the devices with respect to each other have to be considered. This however
cannot be accomplished in a general way by the system vendor any more. In 2.3.4 it has
been mentioned that these registrations might have to be repeated frequently, depending
on the definition of the production process.

As a consequence, acceptance tests for such systems tend to be performed according to
the customer’s requirements, at the customer’s site, and no longer in a general fashion
in the lab of the vendor. Some vendors resorted to publishing their own guidelines
for the assessment and reverification of the accuracies of their sensors. For example,
the guidelines published by NDI for their Polaris and Vicra position sensors [NDI 11]
explicitly mention the German VDI/VDE 2617 and the American ASME B89.4.22 as
its basis [Wile 05]. This approach however does not scale very well to the combination
of devices from different vendors.

The increased effort for accuracy assessment can be mitigated by extensive use of
simulation models such that the number of empirical measurements can be kept at an
acceptable level, as shown in 11. This can be accomplished by simulation and error
propagation models which do not only incorporate the uncertainties of the individual
sensors, but also the geometric constellations they are used in.

In IAR, the challenge is to combine all uncertainty specifications in an overall applica-
tion error. Offline metrologic devices still affect the registration accuracy which in turn
burdens the real-time application with systematic error. Errors in the real-time tracking
add to this error, resulting in a complex error behavior that cannot be easily described.

10.3. Propagation of Uncertainties

Whenever unknown parameters are estimated from known measurement data, it is desir-
able to propagate the uncertainties associated with the measurements to the estimated
parameters. This allows for statements about the uncertainty that are meaningful for
the intended TAR application. Various methods are available for the propagation of
uncertainties. An overview is given in the following, together with related work in the
field of AR. This is the basis for our propagation framework to be discussed in Chap-
ter 11. First, however, a brief overview of parameter estimation is given, as parameter
estimation and the propagation of uncertainties are inextricably connected, as we will
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see.

10.3.1. Short Survey of Parameter Estimation

The field of adjustment theory generally seeks to solve problems of the type
f(P)=L PcRM LcRN M<N, (10.23)

which is a mapping from some unknown values in parameter space RM to measurements
in measurement space RY. P denotes the unknown parameters and L the typically
erroneous measurements that can be represented by a functional model f in terms of
the parameters [Koch 97] [Niem 08] [Luhm 00a] [Hart 00].

==
=

Figure 10.3.: Relationship between the functional model and the measurement space

Assuming (unknown) true values L, there exists a vector of parameters P and the
range of f(P) is a submanifold S of R" with dimension M of all potentially valid
measurement vectors L;. This is sketched in Figure 10.3. In the overdetermined case,
due to errors, in general L ¢ S. The maximum-likelihood estimate (MLE) L of the
unknown true values L is the point on S (or its linear approximation as shown in
Figure 10.3) closest to the erroneous measurements L. ||L — L| is the overall residual
error. It can be computed when estimates L are available. ||[L — L| is the overall
estimation error. It can only be computed for synthetic data for which L is known. The
following Pythagorean equality holds:

IL — L|*= |L — LI*+||L - L|? (10.24)

MLE methods are typically applied whenever there is an overdetermination of the
equation systems to be solved. Assuming a Gaussian error model, the estimation error
in associated with the unknown parameters decreases with an increasing number of
observations. In case of a linear functional relationship L = f(P), this is called linear
least-squares (LLSQ). In case of non-linear functional relationships, equation systems
are formulted by linearization of f using a Taylor series aborted after the linear part
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and a solution is obtained by an iteration until convergence. This technique is also
known as non-linear least-squares estimation (NLLSQ). A reasonable approximation of
the solution must be provided for the iteration to converge to the true solution.

Bundle adjustment is a prominent example for the application of these concepts to the
computer vision domain where problems typically are highly overdetermined [Doyl 64]
[Luhm 00a] [Atki 96]. The techniques are integrated in many current computer vision
algorithms, especially in real-time tracking techniques based on simultaneous localization
and mapping (SLAM) [Bles 06]. [Klei 07].

NLLSQ is also useful for the implementation of calibration and registration algorithms
that estimate some geometric properties or spatial relationships between different coor-
dinate frames (cf. 7.2) from noisy measurement data. The uncertainties of the estimated
parameters are obtained as a direct result of the optimization process. Furthermore,
NLLSQ methods often yield superior results, as compared to the corresponding closed-
form solution. Dornaika in 1998 for example compared different linear closed form and
non-linear solutions for the hand-eye calibration problem (see 7.2.2). He obtained the
best results with the NLLSQ solution, for uniform as well as for Gaussian noise [Dorn 98].
The result is also backed by Zhuang [Zhua 94]. This fact could however be outdated
already by the findings of Daniilidis who described a linear close-form solution based on
dual quaternions that gets along with one single solution stage [Dani 99]. Prior closed-
form solutions always needed two stages to solve for rotation and then for translation,
e.g [Tsai 88|.

Our own experience in relation with the absolute orientation problem (cf. 13.2.1) does
not yield any preferences. Still, NLLSQ has the advantage that it provides Type A
uncertainties (cf. 10.1.1) out-of-the-box. Furthermore, it allows for statistical hypoth-
esis tests to be implemented right away [Niem 08] [Koch 97]. This general overview is
substantiated for the case of point-based registration in 12.3.

10.3.2. Propagation of Uncertainties in the Literature

There exist many prior works in the field of online and offline error estimation and prop-
agation to understand uncertainties in tracking setups. Error propagation techniques
have been applied successfully to assess the accuracy of individual tracking or metro-
logical systems. Pentenrieder discusses the assessment of uncertainties for an optical
square marker tracker [Pent 06]. This is achieved by automatic generation of artificial
camera images. She also validates the simulation approach using high-precision ground
truth measurements. Similarly, Hastedt uses a Monte Carlo approach to simulate the
behavior of a photogrammetric system [Hast 04]. Similarly, Davis et al. predict the
accuracy in pose estimation for marker-based tracking, resulting in suggestions for ad-
vantageous marker design [Davi 03][Davi 04]. In such propagation approaches, critical
elementary influence factors can be determined which are not easily available for direct
measurements.

Error propagation has also often been useful to assess the performance of a certain
algorithm, e.g., [Dani 99] [Hart 00]. Furthermore, an important field of application for
propagation techniques is to predict the overall system uncertainties that are relevant
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for the application. One of the oldest works to predict pose error is by Woltring et
al. [Wolt 85] who analytically derive the effects of isotropic 3D error on an isotropic
distribution of fiducials and who observe that the error is minimal at the centroid of the
fiducials. Holloway used maximum error statistics to derive uncertainties in a medical
HMD application [Holl 97] [Holl 95] with an outside-in head tracking system. It incor-
porates static and dynamic errors according to Azuma [Azum 97], registration, tracking,
visual overlay errors. Fitzpatrick [Fitz 98] give a formula for estimating the target regis-
tration error based on the simplifying assumption of an isotropic fiducial location error.

Allen et al. follow a general approach for the estimation of asymptotic or steady-state
positional /orientational error at systematically chosen points throughout the tracking
volume, incorporating also a motion model [Alle 05| [Alle 07]. The variances for raw
sensor measurements are assumed to be known. Using 3D visualization techniques, the
system gives insight into “variations in the expected performance throughout the desired
working volume for a particular design choice, as well as the relative global effects of
variations between candidate designs, independent of the tracking algorithm chosen for
the real system”. According to the authors, the approach could be adapted to “virtually
anytracking or motion capture system”. It aims at a lower level, optimizing the choice
and constellation of sensors, as well as their sampling frequency, for the intended working
volume and expected scene dynamics, irrespective of the chosen tracking algorithms and
motion paths. Furthermore, it does not consider uncertainties arising from the alignment
of static objects in space (registration, cf. 7.2).

There also exist several online error propagation approaches to predict the current
tracking error of the application in real-time [Baue 06] [Fitz 98] [Hoff 00]. Those ap-
proaches simulate the error only for the current system state, which allows assessing the
currently available accuracy. This is typically not possible for legacy systems since the
internal error prediction is not accessible. Also a prediction throughout the entire error
propagation chain requires linearization of each computational step. Additionally, for
online capabilities the estimation often relies on a linear propagation model which might
not be as precise but is fully sufficient to give the user an insight of the current system
performance. Also, in TAR, the validation of a tracking system requires assessment of
the overall system performance before deployment, that is what offline error estimation
is used for.

Pentenrieder et al. describe an error propagation framework for industrial metrology
based on photographs [Pent 09]. Coelho et al. [Coel 04] use the unscented transforma-
tion [Juli 04] to propagate tracking errors through a scene graph into the image shown
to an AR user.

The online error propagation systems described so far either assume sensor errors to
be known a priori [Hoff 00], or underestimate the total error by considering only jitter,
thereby neglecting the systematic errors that are often even more important [Holl 95]
[Baue 06]. Experiments with optical IR tracking systems reveal that the overall error
largely consists of systematic error [Baue 06] [Keit 08].

112



10.3.3. Linear Propagation of Uncertainties

The GUM suggests to use a linear error propagation model to assess the uncertain-
ties of a measurand L € RY that is assessed indirectly by measuring a random vec-
tor P € RM | based on the the functional relationship L = f(P), see e.g., [ISO 08]
[Niem 08]. Hoff used this technique for the estimation of head tracking accuracy in
a medical application with a combination of optical outside-in and inside-out tracking
systems [Hoff 00]. Bauer applied these concepts in the case of optical tracking where
2D uncertainties on the image plane are propagated to the uncertainty of the tip of a
tracked instrument [Baue 06]. Pustka described their application in the context of Ubi-
track in general [Pust 04] [Pust 11] and in particular in the context of IR fiducial marker
tracking [Pust 10]. A review of the basic formulas is given next. A detailed derivation
can be found in the literature, e.g., [[SO 08] [Koch 97] [Hart 00] [Niem 08].

Forward Propagation

The basis for linear error propagation is a linear or linearized functional model. If f is
a non-linear function, a Taylor-series approximation can be used according to

L=f(P)~ f(P)+J;P—P) (10.25)

where P is the expectation value of the parameters P, and J # is the partial derivative
matrix (Jacobi matrix) of f at P. This linearization can be omitted, if the function is
already linear. The mean and covariance matrix of L can be obtained from P and the
covariance matrix Xp of P by forward propagation according to

L= [(P)
X =JEpJ]. (10.26)
A derivation can be found e.g., in [Koch 97] [Niem 08] [Hart 00]. From this elementary

rule, concrete propagation formulas for all trivial data flow operations such as inversion
or multiplication can be derived [Baue 07].

Backward Propagation

Often, the explicit observations are given in terms of L and the unkown parameters P
of f are to be estimated. In this case, the covariance matrix 3y is given. By backward-
propagation, the covariance X p of P can be estimated according to

p =TT, (10.27)
where + denotes the pseudo-inverse [Koch 97] [Niem 08] [Hart 00]. Bauer used back-

ward propagation to estimate the uncertainty in 6DoF pose estimation from 2D image
observations [Baue 06].
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Relation to Adjustment Theory

Backward propagation of uncertainties is an integral part of all adjustment computations
as described in 10.3.1. In the general case of a non-linear functional model f, the
adjustment problem can only be solved by an iterative approach, relying on a repeated
linearization of f at the last estimate of Py. The linear part of this Taylor series is often
denoted as the design matrixz A, as a synonym for the Jacobi matrix. If A has full rank
then X p is positive definite [Koch 97] [Niem 08] [Hart 00].

Thereby, the assumed a priori covariance matrix ¥, of the measurements L is trans-
formed to an a posteriori covariance matrix incorporating the actual uncertainties of the
observations. Figure 5.3 shows an example for the a posteriori covariances of a planar
geodetic network from surveying a district; the overall covariance matrix has been split
into covariances of the individual 2D points which are represented in terms of confind-
ence ellipses [Niem 08] [Baue 06]. Although equal a priori covariances were assumed,
the a posteriori covariances become larger in the boundary region of the network and
smaller in its center. This is a natural consequence of least-squares optimization; it tries
to balance the errors to keep the overall sum of squares small.

However, it is not sufficient to consider the uncertainties of the measurements only. For
example, the covariance of a homography H estimated by some registration algorithm
(cf. 7.2) depends on many additional factors [Fitz 98] [Baue 07]:

e The sensitivity of the chosen registration method: Different algorithms may have
a different sensitivity with respect to measurements uncertainties or differ in their
numerical stability.

e Number of correspondences: More correspondences improve the accuracy of the
estimated homography. Imagine a homography that was estimated from the min-
imum number of correspondences. Xp would be 0 in this case, nevertheless the
estimate probably is rather coarse.

e Spatial distribution of correspondences: The distribution of measured point cor-
respondences should cover the intended working volume. Imagine a homography
that was estimated from almost colinear points. Residual error is the same as
for an equally distributed point cloud, but the estimated homography probabably
contains large errors in the orientation around the axis formed by the measured
points, due to the degenerate configuration.

The forward and backward error propagation techniques can be easily integrated into
the (N)LLSQ parameter estimation techniques since the (linearized) functional relation-
ship is already given and the computation requires the same intermediary steps. In
adjustment theory, the terms functional model and statistical model are used to deter-
mine the (linearized) functional relationship and the input covariances that are needed
to setup th