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Thesis Abstract

The development of flexible mobile manipulation robots is widely envisioned as a
large breakthrough in technology and is expected to have a significant impact on our
economy and society in the future. Mobile manipulation robots that are equipped with
one or more gripper arms could fulfill various useful services in private homes such as
cleaning, tidying up, or cooking, which would mean a significant time benefit to their
owners. By supporting elderly and mobility-impaired people in the activities of daily
living, such robots can reduce the dependency on external caregivers and support them
to live a self-determined and autonomous life. Small and medium-sized enterprises
would profit enormously from robotic co-workers that they can easily reconfigure to
new production tasks. This technology would significantly lower the production costs of
smaller companies and thus provide them with a significant competitive advantage. The
goal of this thesis is to provide novel approaches that enable mobile manipulation robots
to be flexibly used in everyday life. The challenge in these applications is that robots
operating in unstructured environments have to cope with less prior knowledge about
themselves and their surroundings. Therefore, they need to be able to autonomously
learn suitable probabilistic models from their own sensor data to robustly fulfill their
tasks.

For decades, stationary manipulation robots have successfully been used in industrial
mass production. In these applications strong assumptions about the physical setup and
a controlled environment allow the creation of efficient but highly engineered approaches.
These solutions are custom-tailored to specific applications which makes them difficult
to adapt: typically, changes in the application require the manual adaptation of the
robot’s control code, a new layout of its work cell, and possibly the reconfiguration of
its hardware. For this reason, industrial manipulators require the supervision of experts
on a regular basis, and are therefore only cost-effective for the mass production. In
contrast, the environment of mobile manipulators used for domestic service tasks or in
small series production is largely unstructured, i.e., it can neither be exactly specified
nor easily controlled. To deal with these uncertainties, mobile manipulation robots need
to be considerably more flexible, robust, and adaptive than their stationary predecessors.



(a) body schema learning (b) articulated objects

Figure 1: Illustration of the four research questions addressed in this thesis. (a) Body schema
learning using visual self-observation. (b) Learning to operate articulated objects, here: a
fridge.

To illustrate the relevance of the topics presented in this thesis, we motivate our
work using a typical example task of a domestic service robot. We assume that the
robot is given the task to deliver a drink, which requires the robot to open the fridge,
pick up the right bottle, and pour its content into a glass. To be able to accurately use its
manipulator, the robot first needs to verify its body schema using visual self-observation
(Figure 1a). This enables the robot to compensate for mechanical inaccuracies and
detect potential hardware failures. Robots operating over extended periods of time
without regular inspection would otherwise become increasingly inaccurate – and fail
to accomplish their tasks. Once the robot established its body schema, it navigates to
the fridge to retrieve a drink (Figure 1b). To open the fridge, the robot identifies the
fridge door and generates a suitable trajectory for opening it. This, in turn, requires
a kinematic model of the fridge. The robot learns this model from its observations
and uses it subsequently to operate the door. Being able to learn kinematic models is
fundamental for versatile service robots, as there are too many different cabinet doors
and drawers in domestic environments to exclusively rely on predefined models. After
the robot has successfully opened the fridge, it picks up a bottle. By using its tactile
sensors, the robot can then detect whether the grasped bottle is full or empty (Figure 1c).
This additional source of information about the object being manipulated is important
because it enables a robot to verify that it has grasped the correct object and that
this object is in the expected state. The next step of the delivery task is to pour the
drink into a glass (Figure 1d). This skill, however, might not be part of the robot’s
current programming. In this case, the user can teach the robot this novel manipulation
skill by demonstrating it to the robot. From this demonstration, the robot learns and
generalizes a description of the task that it can subsequently use to reliably reproduce it
– even for different positions of the glass and the bottle. Such an intuitive programming
interface is an essential prerequisite for the usability of service robots in everyday life.
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(c) tactile sensing (d) imitation learning

Figure 1: Continued. (c) Using tactile sensing to estimate the state of a container. (d) Imita-
tion learning to acquire novel manipulation skills.

This motivating example leads us to the four research questions that we tackle in
this thesis:

• How can a manipulation robot learn to accurately position its arm?

• How can a manipulation robot robustly operate doors and drawers?

• How can a manipulation robot infer the state of the objects it manipulates?

• How can a user intuitively teach novel manipulation tasks to a robot?

A robot that operates in unstructured environments with no or minimal human
supervision needs to be able to perceive the world through its own sensors, and sub-
sequently, build from this data an internal, up-to-date representation of the world. As
sensor data is always noisy and potentially incomplete, a robot requires robust tech-
niques to interpret and integrate it intelligently into its own models of the world. A
robot can then use these models to estimate the state of objects in the world, simulate
the consequences of its actions, generate plans, and, finally, verify the success of its
actions.

In sum, this thesis provides novel probabilistic learning techniques that enable a
manipulation robot

• to learn the body schema of its arm from scratch using self-observation, and to
monitor and adapt this model over extended periods of time,

• to learn kinematic models of articulated objects from observation or interaction
to reliably operate doors and drawers,
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(a) Zora (b) Cody (c) Marvin

Figure 2: Three state-of-the-art mobile manipulation robots that we used for developing and
testing our approaches.

• to learn tactile object models to estimate the identity and state of the objects
being manipulated, and

• to learn novel manipulation tasks from human demonstrations, and to reproduce
them robustly in similar situations.

This thesis is organized as follows. In Chapter 2, we provide the technical back-
ground in machine learning and probabilistic modeling that we require in the remainder
of this thesis. In particular, we introduce regression and classification techniques for
supervised learning problems, and dimensionality reduction and clustering techniques
for unsupervised learning problems. We discuss Bayesian model evaluation and model
selection to choose between alternative models, and review graphical models as a tool
to factorize large learning problems into feasible components.

In Chapter 3, we present a novel approach that enables a robot to learn the body
schema of its manipulator from scratch using visual self-observation. In contrast to
previous approaches, we estimate both the kinematic structure and the kinematic prop-
erties of the robot arm. We model the observations of each link of the arm as a Gaussian
process and learn a Bayesian network that describes the kinematics of the whole system.
The explicit representation of the kinematic structure allows the robot to detect and
localize deviations between the model and the real arm to specific components of the
network. Hence, the robot can efficiently adapt the model by re-learning only the mis-
matching parts. Our approach provides a flexible, probabilistic representation of robot
kinematics and, furthermore, enables a manipulation robot to position its end effector
accurately even in the presence of hardware failures and deformations. In our exper-
iments, we demonstrate that self-observation allows a robot to significantly increase
its mean time between failures. As a result, robots using our approach require less
maintenance and can be used over longer periods of time without human intervention.

A central task of service robots is to interact with articulated objects, for example,
to open doors in order to navigate between rooms or to pick up objects from cabinets or
drawers. In Chapter 4, we show how our approach on body schema learning can be gen-
eralized to such articulated objects. We extend our approach by additional parametric
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Figure 3: Visualizations of our approaches. (a) Continuous self-monitoring enables a mobile
manipulation robot to adapt its kinematic model autonomously in case of hardware failures or
tool changes. (b) By learning the kinematic model of articulated objects, the robot can learn
to reliably operate furniture such as cabinets, fridges and dishwashers.

models and use Bayesian model comparison to choose between the alternatives. This
increases the robustness and efficiency of our approach while we keep the high flexibility
of the Gaussian process models. In contrast to previous work, our approach applies to
a significantly larger class of articulated objects and provides more accurate kinematic
models. Furthermore, we can estimate the degrees of freedom of an articulated object
and discover kinematic loops. We demonstrate that manipulation robots using our ap-
proach can learn accurate kinematic models of various doors and drawers, and operate
them reliably. Complimentary to this, we demonstrate in Chapter 5 how a manipulation
robot can recognize cabinet doors and drawers on dense depth images without requiring
visual markers.

In addition to articulated objects, service robots also need to manipulate many other
objects such as bottles, silverware, or dishes. If a robot has tactile sensors in its gripper,
it can use them to obtain additional information about the objects it is interacting with.
In Chapter 6 and Chapter 7, we present two novel approaches that manipulation robots
can use to learn tactile object models. The first approach clusters the sensor data to
create a tactile vocabulary. The robot uses this vocabulary to train a classifier which it
can subsequently use to verify whether it has grasped the correct object. Our second
approach is based on the temporal analysis of the sensor signal and allows a robot to
recognize whether a grasped container is properly closed and whether it contains liquid.
This ability is, for example, important for a domestic service robot that tidies up a table
and needs to decide whether a juice bottle is full or empty and should be stored in the
fridge or disposed in the trash can. Our results indicate that tactile sensing is a useful
source of information for a robot to augment its perceptions during object manipulation.

Another prerequisite for successful service robotics applications is that normal users
can quickly and intuitively instruct the robot to perform novel tasks. Inspired by work
on imitation learning, we develop in Chapter 8 a novel approach to learn manipulation
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Figure 4: Visualizations of our approaches. (a) (b)

tasks by observing a human instructor demonstrating a certain manipulation task. From
these demonstrations, the robot extracts invariances in the execution of the task and
infers from them a generalized task model. The robot can use this model to robustly
reproduce the task even under different conditions. We model imitation learning as a
probabilistic learning problem of a dynamic Bayesian network that encodes the task
model using temporal and spatial object relations. In contrast to existing approaches,
the factorized representation of the manipulation task as a dynamic Bayesian network
allows us to dynamically add new constraints, for example, to avoid obstacles during
reproduction, or to prefer a particular body posture. Our approach allows normal users
to provide novel task descriptions to a manipulation robot in an intuitive way, which we
consider an important prerequisite for the daily use of manipulation robots. Finally, we
conclude this thesis with a summary of our results in Chapter 9 and give an outlook to
future work.

To develop and test our approaches, we used different state-of-the-art mobile ma-
nipulators (see Figure 2): the first robot, Zora, is a B21R mobile base equipped with
Schunk Powercube modules and tactile sensor arrays in the finger tips produced by Weiss
robotics. The second robot, Cody, consists of a Segway mobile base, has two Meka arms,
and is located at the Georgia Institute of Technology. The third robot, Marvin, is a
PR2 robot from Willow Garage. It has a rich sensor suite including a tilting laser, two
pairs of stereo cameras, a texture projector, and a tactile sensor array from PPS. By
evaluating our approaches successfully on different experimental platforms, we ensure
that our approaches also generalize to other mobile manipulation robots.

All of our approaches are based on state-of-the-art Bayesian learning techniques
such as Gaussian processes, sample consensus methods, and graphical models. The
probabilistic formulation of our approaches allows a robot to deal with uncertainties in
the sensor observations and action execution and to consider them adequately during
action planning. In an exhaustive set of experiments on real robots and in simulation we
demonstrate that our approaches significantly reduce the dependency of manipulation
robots on hand-crafted models and structured environments. Furthermore, we show
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that our approaches substantially increase the flexibility, adaptability and robustness of
manipulation robots.

Key Contributions of this Thesis

The contributions of this thesis are innovative approaches that enable manipulation
robots to learn probabilistic models of their sensors, actuators, and other objects in the
world. We combine techniques from the fields of machine learning, artificial intelligence,
and robotics with the goal to make manipulation robots more flexible, adaptive, and
robust. In the following, we summarize our main contributions. We provide in this
thesis:

• an approach for learning the body schema of a manipulation robot from scratch
using visual self-observation, and a strategy to adapt it autonomously for tool use
and in the case of hardware failures (Chapter 3),

• a general framework for learning kinematic models of articulated objects that
allows robots to reliably operate doors and drawers (Chapter 4),

• a system to estimate such models from visual observation without requiring arti-
ficial markers (Chapter 5),

• a technique that enables a robot to use its tactile sensors to identify objects (Chap-
ter 6),

• a method to estimate the internal state of the object being manipulated using
tactile sensors (Chapter 7), and

• a solution to imitation learning with which a normal user can intuitively teach novel
manipulation tasks that a robot can reproduce accordingly even under different
conditions (Chapter 8).

Publications

Parts of this thesis have been published in international journals and presented at con-
ferences and workshops.

Journal Articles

• J. Sturm, C. Stachniss, and W. Burgard. Learning kinematic models for articu-
lated objects. Journal of Artificial Intelligence Research (JAIR). 41, July 2011.

• S. Chitta, J. Sturm, M. Piccoli, and W. Burgard. Tactile sensing for mobile
manipulation. IEEE Transactions on Robotics (T-RO). 27(3):558–568, June 2011.

• J. Sturm, C. Plagemann, and W. Burgard. Body schema learning for robotic ma-
nipulators from visual self-perception. Journal of Physiology-Paris, 103(3-5):220–
231, Sept. 2009.
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Conferences and Workshops

• J. Hess, J. Sturm, W. Burgard. Learning the State Transition Model to Efficiently
Clean Surfaces with Mobile Manipulation Robots. In Proc. of the Workshop on
Mobile Manipulation under Uncertainty at the IEEE Intl. Conf. on Robotics and
Automation (ICRA), Shanghai, China, May 2011.

• J. Sturm, A. Jain, C. Stachniss, C.C. Kemp, and W. Burgard. Operating articu-
lated objects based on experience. In Proc. of the Intl. Conf. on Intelligent Robot
Systems (IROS), Taipei, Taiwan, Oct. 2010.

• J. Sturm, K. Konolige, C. Stachniss, and W. Burgard. 3D pose estimation, track-
ing and model learning of articulated objects from dense depth video using pro-
jected texture stereo. In Proc. of the Workshop on Advanced Reasoning with Depth
Cameras at the Robotics: Science and Systems Conf. (RSS), Zaragoza, Spain,
Jun. 2010.

• J. Sturm, K. Konolige, C. Stachniss, and W. Burgard. Vision-based detection for
learning articulation models of cabinet doors and drawers in household environ-
ments. In Proc. of the IEEE Intl. Conf. on Robotics and Automation (ICRA),
Anchorage, AK, May 2010.

• D. Meyer-Delius, J. Sturm, and W. Burgard. Regression-based online situation
recognition for vehicular traffic scenarios. In Proc. of the Intl. Conf. on Intelligent
Robot Systems (IROS), St. Louis, MO, USA, Oct. 2009.

• A. Schneider, J. Sturm, C. Stachniss, M. Reisert, H. Burkhardt, and W. Bur-
gard. Object identification with tactile sensors using bag-of-features. In Proc. of
the Intl. Conference on Intelligent Robot Systems (IROS), St. Louis, MO, USA,
Oct. 2009.

• J. Sturm, V. Pradeep, C. Stachniss, C. Plagemann, K. Konolige, and W. Burgard.
Learning kinematic models for articulated objects. In Proc. of the Intl. Joint
Conf. on Artificial Intelligence (IJCAI), Pasadena, CA, USA, Jul. 2009.

• H. Schulz, L. Ott, J. Sturm, and W. Burgard. Learning kinematics from direct self-
observation using nearest-neighbor methods. In Proc. of the German Workshop
on Robotics, Braunschweig, Germany, Jun. 2009.

• J. Sturm, C. Stachniss, V. Pradeep, C. Plagemann, K. Konolige, and W. Burgard.
Towards understanding articulated objects. In Proc. of the Workshop on Robot
Manipulation at the Robotics: Science and Systems Conf. (RSS), Jun. 2009.

• C. Eppner, J. Sturm, M. Bennewitz, C. Stachniss, and W. Burgard. Imitation
learning with generalized task descriptions. In Proc. of the IEEE Intl. Conf. on
Robotics and Automation (ICRA), Kobe, Japan, May 2009.

• J. Sturm, C. Stachniss, V. Pradeep, C. Plagemann, K. Konolige, and W. Bur-
gard. Learning kinematic models for articulated objects. In Proc. of the Learning
Workshop (Snowbird), Clearwater, FL, USA, Apr. 2009.
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• J. Sturm, C. Plagemann, and W. Burgard. Adaptive body scheme models for
robust robotic manipulation. In Robotics: Science and Systems Conf. (RSS),
Zurich, Switzerland, Jun. 2008.

• J. Sturm, C. Plagemann, and W. Burgard. Body scheme learning and life-long
adaptation for robotic manipulation. In Proc. of the Workshop on Robot Manip-
ulation at the Robotics: Science and Systems Conf. (RSS), Zurich, Switzerland,
Jun. 2008.

• J. Sturm, C. Plagemann, and W. Burgard. Unsupervised body scheme learning
through self-perception. In Proc. of the IEEE Intl. Conf. on Robotics and Au-
tomation (ICRA), Pasadena, CA, USA, May 2008.

Contributions to Open-Source Software in Robotics

We released parts of our software as open-source. This offers other researchers the
opportunity to verify our results, evaluate our approaches on different data, and use our
software in their research. In particular, we provide software implementing our body
schema learning approach and the complete framework for learning kinematic models of
articulated objects.

• The Zora framework1 implements our approach on body schema learning as de-
scribed in Chapter 3. It is freely available under the GPL license. Furthermore,
a detailed tutorial explains how to reproduce our results on various simulated
manipulators.

• The Articulation stack2 provides several software libraries for learning kine-
matic models of articulated objects as described in Chapter 4 and Chapter 5. We
released the software stack under the BSD license. Further, we provide several
tutorials that explain in detail how kinematic models of articulated objects can
be learned from observed trajectories and how the framework can be used with
Python and C++.

Impact Analysis

The results of our work have been published in three journal articles and 14 conference
contributions. At the time of writing, our work has over 120 citations according to
Google Scholar. Furthermore, the h-index (n research articles that have been cited at
least n times) of this work is currently 7. In combination, these numbers clearly indicate
a significant scientific impact of our work.

Several ongoing research projects are currently using or extending our approach on
learning kinematic models of articulated objects. The RoboEarth project3 aims at the
creation of a worldwide object database and plans to annotate articulated objects with

1http://www.informatik.uni-freiburg.de/̃ sturm/zora.html
2http://www.ros.org/wiki/articulation
3RoboEarth is part of the Cognitive Systems and Robotics Initiative from the European Union

Seventh Framework Programme FP7/248942 (2009–2013).
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the models learned using our approach. The goal of the SFB/TR 84 is to investigate
the cognitive foundations for human-centered spatial assistance systems, and plans in
project A8 to extend our approach to learn 3D models of the rigid parts of articulated
objects. The First-MM project5 aims to enable robots to acquire new manipulation
skills which also involve grasping and operating articulated objects using our approach.
The goal of the TidyUpRobot project6 is to use the PR2 robot in various tidying-up
tasks. As part of this project, the PR2 robot will have to annotate floor plans with
articulated objects and their respective kinematic models.

Summary

To conclude, we think that mobile manipulation robots have a large application po-
tential in the near future. In this work, we presented several innovative approaches to
relevant problems that appear when mobile manipulators are applied in unstructured
environments and changing situations. We hope that our work increases the depend-
ability, flexibility, and ease of use of manipulation robots and thereby contributes to the
development of truly useful robotic assistants for industry and society.

4The interdisciplinary Transregional Collaborative Research Center Spatial Cognition: Reasoning,
Action, Interaction has been established by the German Research Foundation (DFG) (2003–2014).

5First-MM is another research project founded under the European Union Seventh Framework Pro-
gramme FP7/248258 (2010–2014).

6The TidyUpRobot project is part of the PR2 beta program sponsored by Willow Garage (2010–
2012).
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