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Summary

• No tracking technology is perfect.
• Combining different trackers seems reasonable...
• ... but is very hard to do.
• Ubiquitous Tracking project digs into various

aspects:
• Formal model to describe tracker networks
• Implementation concept
• Software architecture for actual implementation
• Application areas
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Overview

• Motivation
• Formal Model: Spatial Relationship Graphs
• Implementation Concepts
• Distributed Software Architecture
• Applications
• Discussion
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Motivation

• Every tracking technology has its drawbacks. Can
you provide any examples?

• Combination of many trackers could help. How?
• Imagine you are a developer creating applications

that need tracking information. What API do you
envision?

• What problems will arise?
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Trackers:
- head mounted camera (rather slow, high orientational accuracy, dependent on line of sight)
- Ultrasound (multipath problem, line of sight)
- Inertial Tracker (drift, just relative measurement)
- GPS (large range, open sky)
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- camera + inertial (compensation of drift)
- GPS + inertial (orientation from inertial, but drift)
- GPS + optical (orientation value from optical sensor)
- GPS + any indoor tracker (extended operation range)
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return values:
- position and orientation (object A with regard to object B's coordinate system)
- error

input:
- ID of object A
- ID of object B
- description of quality of service
- time
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- Tracker outputs don't match
- identification of objects
- connect mobile users to system
- dynamically changing setup
- areas may not be covered by trackers
- varying accuracy
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Formal Model: Overview

• Interest: spatial relationships between objects
• Use a graph to model these: nodes are objects,

edges are relationships.
• We distinguish between real, measured and

inferred relationships.
• Our goal is to infer relationships as similar to the

real world relationships as needed by a particular
application.

• Often, we have multiple possibilities to do this. To
select the best, we use attributes to describe
measurements and inferences.
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Real Relationships

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

“The world as god sees it.”
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Measured Relationships

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

Attribute set A describes how imperfect our measure-
ments are.
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Measured Relationships Example

pAB : {t1, t2} → R
4×4 ×A

t1 7→ (H1,A1)

t2 7→ (H2,A2)

pAC : {t3} → R
4×4 ×A

t3 7→ (H3,A3)

pBC : {t4} → R
4×4 ×A

t4 7→ (H4,A4)
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Inferred Relationships

Q : (Ψ ⊆ N × N) → q, where q : Dt → R
4×4 ×A

Multigraph with an edge for every measurement and
inference.
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Adding New Inferrences

2 Nodes example functions

qm
AB(t) = pAB(t) =











(H1,A1) if t = t1

(H2,A2) if t = t2

undefined otherwise

qe
AB(t) =

{

(H1,A1) if |t − t1| < |t − t2|

(H2,A2) otherwise

q
f
AB(t) = f((H1,A1), (H2,A2), . . . , t)
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Attributes & Evaluation Function

Examples of Attributes:
• Latency
• Accuracy
• Monetary Cost
• Update Frequency

Evaluation function defined over attributes:

e : A∗ → R

A∗

i 7→ e(A∗

i )

Goal: Assign weights to edges to enable common
shortest path algorithms.
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Example: Shared Tracking Setup
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extra task: what happens if a third marker A is tracked by both cameras B and G?



Example: Shared Tracking Graph
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Implementation: Finding Optimal
Paths
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Implementation: Concepts

• Spatial relationship (SR) graph is just an abstract
model

• Key assumption: SR graph’s topology and attributes
of edges change less frequently than spatial
relations between objects.

• At runtime, a Data Flow Graph is constructed out of
components that deliver tracking data and special
inference components.
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Precomputing Data Flow Graphs
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Note: Extrapolation and Inference components can run in a single process space for efficiency reasons
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Middleware: Distributed Wearable
Augmented Reality Framework

• CORBA-based middleware dynamically connects Services

(DWARF components) based on description of their Needs

and Abilities

• No central component, Service Managers running on each

network node handle connection of services

• Ability descriptions may be enhanced using Attributes

describing contextual information

• Need description may give Predicates for narrowing the

search space of matching services

• Abilities may change at runtime depending on how needs

are satisfied
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Middleware: DWARF ctd.

• Once a need and an ability match, DWARF service
manager sets up a connector that both services use
to communicate

• Example: Optical tracker

Advanced Topics in Augmented Reality, Ubiquitous Tracking – p.21/27



Mapping of Implementation Concept
on DWARF

• Trackers modeled as edges in SR graph
• Descriptions of real objects (i.e. tracking hardware,

locatable properties) modeled as nodes in SR graph
• Distributed Ubitrack Middleware Agent (UMA)

cooperates with DWARF service manager to search
the SR graph for optimal paths.

• Search done by a distributed asynchronous
Bellman-Ford shortest path algorithm.

• Once an optimal path is found, UMA sets up data
flow graph using DWARF service managers.
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Applications: Smart Building

• Building detects position of each person inside it.
• Continuous computation of most efficient escape

routes.
• Routes take into account disabilities etc.
• Information can be provided to fire-officers and

other emergency workers.
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Applications: Museum Tour Guide

• Every museum visitor gets some display device that
uses Ubitrack information.

• Some exhibits only need rough positional
information to play some audio about the artwork
the user is standing in front of.

• Other exhibits need very precise tracking info to
provide visual HMD-style overlays.

• New museum experience by interactive gameplay,
taking into account what the visitor has seen
already etc.

Advanced Topics in Augmented Reality, Ubiquitous Tracking – p.25/27



Applications: Social Issues

• Do we want to provide our own position all the time?
• Is it socially acceptable to track someone down

using Ubitrack information?
• How do we make sure the position information can

not be abused?
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Thank you

. . . any Questions? . . .
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- Legoland: Tracking Tour Guide (lost children), crowd control, marketing data [uses RFID tags]
- Follow-Me-Application: Alps, Climbing Areas, Museum
- Taxi/Truck Control: Which Taxi is nearest to new customer? [can be solved just be using GPS]
- "Am I Lost" Agent by U Kopenhagen
- Map service: should work inside and outside the building
- Merchandise tracking in shops
- accident reconstruction (airplane black box)
- cell phone based friend finding
- speed control on streets
- open jail/kindergarten/AR praktikum
- bureaucracy guide
- robot navigation in hazardous environment
- match 3D model with camera image for natural feature based trackers
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