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Abstract

A complex manipulation task for a robot has to be planned on different levels of ab-
straction before it can be executed on a real system. At a high-level of abstraction,
a task planner generates a sequence of subtasks from a given abstract command,
its pre- and postconditions and a current world model. To restrict the already huge
search space of the task planner, aspects like geometric information are not con-
tained in the world model at this level. The task planner then assigns the subtasks
to planners on a lower level of abstraction like path planners or grasp planners.
These planners rely on geometric information to compute their solutions. However,
without considering geometric information the task planner cannot determine good
parameters for these low-level planners. Therefore, the derived plans may not be
valid for a given situation and may require backtracking.

Knowledge representations can bridge the gap between these planning levels and
thereby enable scene reasoning. The kinematic capabilities of a robot are one aspect
the task planner has to be aware of. Therefore this book introduces a novel general
representation of the kinematic capabilities of a robot arm. The versatile workspace
is defined to describe in which orientations the end effector attached to a robot arm
can reach a position. The capability map is a calculable representation of the ver-
satile workspace that allows to determine how well regions of the workspace are
reachable. It accurately represents the versatile workspace of arbitrary arm kinemat-
ics and enables autonomous task-specific reasoning. Furthermore, its visualization
scheme is intuitively comprehensible for the human.

The versatile applicability of the capability map is shown by examples from sev-
eral distinct application domains. The workspace of several robot arms is visualized
and analyzed. It is shown how the capability map can be used to compare the abili-
ties of different robot arms. In human-robot interaction, the capability map is used
to objectively evaluate a bi-manual interface for tele-operation. The results can also
supplement the design process for humanoid robot design. In low-level geometric
planning, the capability map is used to reduce the search space and to parameterize
path planners and grasp planners. Thus, in a manipulation task for a humanoid robot
more human-like motion is planned while simultaneously the computation time is
reduced. In high-level task reasoning, the capability map is used to evaluate how
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well a robot is suited for a task. In an example a humanoid robot has to perform a
task involving 3D trajectories. Regions are extracted from the capability map that
permit the task execution and the suitability of the robot is inferred.



Acknowledgments

This book was written during my employment at the Institute of Robotics and
Mechatronics at the German Aerospace Center (DLR) in Oberpfaffenhofen, Ger-
many. First of all, I would like to thank the Head of the Institute, Prof. Gerd
Hirzinger, for his support and for his great efforts in providing the best possible
research conditions. I would like to thank Prof. Michael Beetz from the Intelligent
Autonomous Systems (IAS) group at the Technical University of Munich for his
continuous support and advice. My special thanks go to my colleagues at the DLR
for providing such a nice working atmosphere.

The research covered by this book has been partially funded by the EC Seventh
Framework Programme (FP7) under grant agreement no. 216239 as part of the IP
DEXMART.

Wessling, September 2011 Franziska Zacharias



Contents

1 Introduction...... ... ... . . . . . .. il
1.1 Problem Statement .......... ... ... i 1|
1.2 Contributions of the Book .......... ... ... .. ... . ....... 4
1.3 Outline of the BOOK . ... ... ...\ouuiee i

2 Reviewofthe Literature ...................... .. .............. 7
2.1 Robotics Technical Terms ................ . i, 7
2.2 Robots in Industrial Applications ................ ... ........
2.3 Service RObOtS. . ... ..o
2.4 Solving Complex Tasks Autonomously ....................... 1d

2.4.1 Overview of Planner Types . .......................... m|
2.4.2 Planning Benchmarks ................. ... ... ... 11
243 Household Tasks. ... ..., [
2.5 High-Level Planning .......... ... ... .. 12
2.5.1 Classical Task Planning . ............................. 12
2.5.2 Planner Integration ...............oouiiiiinneaaa.. 14
2.5.3 Task Planning for Robotics Applications................ 13
254 SUMMATY ..ottt et 14
2.6 GraspPlanning .......... ... 14
2.6.1  SUMMATY . ..ot e 1d
2.7 PathPlanning........ ... .. i 1d
2.7.1 Planning Algorithms .......... .. ... ... ... ... ... 1d
2.7.2 PathPlannerInputs ..............ciiiiiiiiiineon... 21
2.7.3 Selection of Goal Configurations ...................... 21
274 SUMMATY .ottt et et e e e e e e k2
2.8 RobotPlacement ......... ... ... IZ
2.8.1 Selection of Fixed Base Positions...................... k2
2.8.2 Base Movementduring Task .......................... R4
2.83  SUMMATY ..ottt et et e k3
2.9 Motion Primitives ....... ...t k3




Contents

2.10 Robot-Specific Knowledge........... ..., kd
201 SUMMATY ottt et e e e e e e kd
Robot Performance Indices. ........................... ... ..... 7%
3.1 RobotDesign Criteria ............cuuuuueeiiiiinneeennn.. 7%
3.1.1 Task-Oriented Design .............. ..., R4
3.1.2 General Purpose Robot Design ........................ g
3.2 Workspace Analysis . ......oouuiiinii i B1
3.3 Naive Sampling Based Approach ............................ k2
3.4 Model Requir€ments . . . ... ..vuineee i B4
3.5 SUMMATY ottt et e e k3
Modeling the Robot Workspace .. ............................... B4
4.1 The Tool Frame (TCP) ... ..o 4
4.2 The Reachability Sphere Map ......... ... ... ... k4
42.1 Discretization of IR . ................................ B4
422 Constructionofthe Model............................ lad
4.2.3 Reachability Predictions ............................. l43
4.2.4 Visualization of the Model ........................... lad
4.3 Characteristics of the Representation ......................... lad
4.3.1 The Number of Samples .............. ... ... ... ... lad
4.3.2 The Sphere Diameter [, ..............coiviiiiii... 51
4.3.3 The Number of Points n,, per Sphere .................. [54
4.3.4 The z-Orientation Step Size Ay . ..o ovvvviininee ... [53
4.3.5 Reachability of TCP Poses ........................... [53
4.4 Visualization of Workspace Structure . ... .. [5d
4.4.1 Analyzing the Structures in the Workspace .............. [57
4.4.2 Capturing the Structure to ConstructaMap ............. [57
4.4.3 Evaluation of the Shape Maps......................... 63
4.4.4 Reachability Estimation Using the Mixed Shape Map . . . . . led
4.4.5 Memory and Computation Time.......................
4.5 SUMMATY .« .ttt et ettt e ettt e et e led
Visualization and Setup Evaluation ............................. 71
5.1 Robot Arm Workspace Visualization ......................... 71
5.1.1 Visualization for Industrial Robots .. ................... 21
5.1.2  Visualization for Specific Tasks ....................... 74
5.2 Workspace Comparisons for HRI ............................ 7d
5.2.1 Detailed Problem Analysis ........................... 7d
5.2.2 Kinematic Descriptions . ...........c.covviiiiiiinein... 71
5.2.3 Workspace Comparison ..........oouueurnneunneenn.. k2
524 Evaluation ..................c..ciiiiii 83

5.3 SUMMATY ..ottt o2



Contents XI

6 Applicationin Planning . . . ...... ... ... ... . 3
6.1 Placement for 3D Trajectories .............ouuueiinneennnon.. lo4
6.1.1 Detailed Problem Analysis ....................o.o.... lo4

6.1.2 TheSearchPattern ............ ... ..., ld

6.1.3 The Search for the Trajectory in the Workspace . ......... o7

6.1.4 Computing the Robot Base Position.................... lod

6.1.5 Computational Complexity ...............c.cooovooo.. 101

6.1.6 Discretization Issues ............ ... oo 102

6.1.7 Brute-Force Search vs. Model-Based Search ............ 102

6.1.8 Validation of Solutions. . ..............ccoiviiiioan... m

6.1.9 Robots Working in the Kitchen........................ 104

6.1.10 Following the Motion of a Tumbling Satellite. ........... 103

6.2 Human-Like Path Planning ............. ... ... ... ........ 10d
6.2.1 The RULA Evaluation Criterion....................... [d

6.2.2 Combining RULA and Capability Maps ................ 113

6.2.3 RULA and the Inverse Kinematics ..................... m

6.2.4 RULA Sampling for Path Planners..................... 114

6.2.5 Evaluation .....................cc.iiiiiiiii. 1149

6.3 SUMMATY ...ttt et e (123

7 Conclusion and Outlook .............. ... ... ... ... ... ...... 124
7.1 ConCluSion . ..ot e 124

7.2 Future Work .. ... oo [12d

A Abbreviationsand Glossary ............. ... ... i 12d
Al AbbreviationsS......... ...t 12d

A.2 Mathematical Symbols .......... ... .. i 13d

A.3 Mathematical Notations . ...........ccoiiiineinnnennennn.. E

A4 Random Sampling........... ..., 13d

B Kinematics Descriptions ............. ... ... ... ... 131
B.1 Homogeneous Matrices . ............ouueiiiuinneeennnnn.... 131

B.2 DLR LWR Kinematics .. ....................cccooooiiii... 137

B.3 Kuka LWR Kinematics ... .........cooiiiiiineinniinennn.. E

B.4 Schunk PowerCube Arm Kinematics ......................... 133

B.5 KukaKrl6 Kinematics ...........cooviiiiiinniinnineen... [133

B.6 Human Kinematics ..............coi i, 133

B.7 TCPFIames . ... ...\t 134
B.7.1 TCP Frames Used in Section4.3 ...................... E

B.7.2 TCP Frames Used in Section 5.2.2.3 ................... 134

References. ... ... ... m





