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Abstract

Grasping is one of the most fundamental skills of manipulation. Mastering grasping is
a precondition of performing complex manipulation tasks for robots. Although robotic
grasping has been studied over a long period, there still remains a big gap when compared
to the capability of human grasping. Especially in an unstructured environment, the robot
is confronted with many challenges. First, grasping is usually related to a task intention.
For example, how to select a suitable grasp configuration to satisfy a task constraint is not
trivial. In addition, due to the variety of objects existing in the world, it is unfeasible and
impracticable to model every individual object a-priori. Thereafter, grasping objects which
are presented to robots for the first time is another task that must be tackled. Moreover,
the imperfection of sensors used for grasping generate inaccurate measurements. Focus
must be undertaken with regards to dealing with the uncertainty of a perceptual system
for grasping. People may ask: why is grasping such a difficult task for robots when
humans can master the grasping skill at such an early age? One must accept that grasping
is comprised of an interdisciplinary set of skills. These include the requirement to perceive
the surrounding environment plus objects, decide upon a feasible grasping strategy and
finally execute the control of the grasping process.

In this dissertation, an integrated system for grasping is proposed. The system regards
grasping as a dynamic process, from the state an object is perceived to the state the object
is grasped. A mobile manipulator which uses the proposed system is able to perform robust
grasping under various levels of prior knowledge and conditions. The prior knowledge and
conditions determine the major problem to be solved in a specific grasp scenario.

I propose to represent the diveristy of various grasping scenarios under a unified model
which is defined by ‘Bayesian Network’. In this way, the grasping problem is approached in
a probabilistic fashion. The model defines a joint distribution of grasping relevant factors,
while the uncertainty of these factors is quantified by probabilistic distributions. Three
challenging grasping scenarios under predefined conditions are formulated by the proposed
model. The difference between the scenarios is encoded by conditioning respective factors
in this model.

In the first scenario, grasping is addressed in the context of assembly tasks. The major
problem is to select grasp configurations which maximize the probability of satisfying task
constraints. A skill framework is proposed to generate a complete sequence for a mobile
manipulator to perform an assembly. This ranges from object perception, to the reasoning
of grasp strategy to the control of robot motions. The framework provides an intuitive
way for a non-expert user to parameterize an assembly problem. Within the framework,
high level skills are proposed to perform pick-and-place actions to alter the orientation
of objects as well as insertion actions for assembling two objects. Successful execution of
both tasks requires that the objects should be grasped in an assignment preferred orienta-
tion. Different from previous works which only consider gripper orientation to fulfill this
requirement, my method is able to generate complete robot configurations for the purpose
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of reducing both the total traveling distance and the task execution time. This combined
with modeling arm-platform coordination in the framework, further increase the efficiency
and robustness of executing the given task.

In the second scenario, grasping of unknown objects is addressed. Here the challenge
lies in synthesizing a grasp configuration which maximizes the probability of force closure.
For this purpose, a new probabilistic object representation plus sensor fusion method is
applied to reconstruct the shape of objects prior to grasping. This approach is especially
suitable for modeling objects with irregular forms. Different from previous works which use
other representations, my proposal can model the reconstruction uncertainty based on the
noise model of sensors. In this way, this representation has a correct interpretation of the
modeling uncertainty and can be used to penalize grasp points on uncertain areas. Utilizing
this form of representation, a grasp synthesis method based on simulated annealing is
proposed to search for an appropriate grasp configuration. Compared with the state-of-
the-art method that uses a similar representation, my method works on 3D objects and
and is more computationally efficient.

In the third scenario, a sensor with a large uncertainty is used to study grasping perfor-
mance. The major challenge is how to perform robust grasping even when given a large
perceptual uncertainty. Different from previous approaches which usually execute grasp
in open loop, an adaptive control architecture is proposed. It allows a robot to perform
grasping in a closed-loop fashion. Using the proposed architecture, the perceptual result is
continuously fed back to the grasp synthesis module in which current grasp configurations
are generated. Motion adaptation to the new grasp configuration is achieved by Dynamic
Movement Primitives (DMP) such that during the approaching phase, uncertainty of per-
ception is actively reduced. Actuators of a mobile manipulator can be combined gracefully
and used purposefully in different phases to improve the overall grasping process.

This research lays the foundation of how to approach the grasping problem in a prob-
abilistic and systematic fashion. When compared to previous works which often consider
one grasping phase, this work provides an end-to-end solution and closes the perception-
action loop for the entire grasping process. My work provides the infrastructure for future
research directions and paves the way toward realizing human-level dexterous grasping.
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Zusammenfassung

Greifen ist eine der grundlegenden Fahigkeiten der Manipulation. Das Beherrschen des
Greifens ist eine Voraussetzung fiir die Durchfiihrung komplexer Manipulationsaufgaben
fir Robotern. Obwohl das Greifen von Robotern iiber einen langen Zeitraum hinweg
untersucht wurde, bleibt dennoch eine grofle Liicke im Vergleich zu der Fahigkeit des men-
schlichen Greifens bestehen. Gerade in einer unstrukturierten Umgebung ist der Roboter
mit vielen Herausforderungen konfrontiert. FErstens, Greifen bezieht sich normalerweise
auf eine Aufgabenabsicht. Zum Beispiel ist es nicht trivial, eine geeignete Griftkonfigu-
ration auszuwahlen, um eine Aufgabenbeschrankung zu erfiillen. Aufgrund der Vielzahl
von Objekten, die auf der Welt existieren, ist es auflerdem unmoglich und unpraktikabel,
jedes einzelne Objekt a priori zu modellieren. Danach ist das Ergreifen von Objekten,
die zum ersten Mal einem Roboter prasentiert werden, eine weitere Aufgabe, die angegan-
gen werden muss. Dariiber hinaus erzeugt die Unvollkommenheit von Sensoren, die zum
Erfassen verwendet werden, ungenaue Messungen. Der Fokus muss auf den Umgang mit
der Unsicherheit eines Wahrnehmungssystems fiir das Greifen gelegt werden. Die Leute
mogen fragen: Warum féllt Roboter beim Greifen schwierung, wenn die Menschen in einem
so frithen Alter die Fahigkeit des Greifens beherrschen? Man muss akzeptieren, dass das
Greifen interdisziplinar ist. Dazu gehort die Anforderung, die Umgebung und Objekte
wahrzunehmen, tiber eine durchfiihrbare Greifstrategie zu entscheiden und schliefSlich die
Steuerung des Greifprozesses durchzufiihren.

In dieser Dissertation wird ein integriertes Greifsystem vorgeschlagen. Das System be-
trachtet das Greifen als einen dynamischen Prozess, vom Zustand, in dem ein Objekt
wahrgenommen wird, bis zum Zustand, in dem das Objekt erfasst wird. Ein mobiler Ma-
nipulator, der das vorgeschlagene System verwendet, ist in der Lage, robustes Greifen unter
verschiedenen Ebenen von Vorwissen und Bedingungen durchzufiihren. Das Vorwissen und
die Vorbedingungen bestimmen das Hauptproblem, das in einem spezifischen Griffszenario
gelost werden muss.

Ich schlage vor, die Vielfalt verschiedener Erfassungsszenarien in einem vereinheitlichten
Modell darzustellen, das durch das Bayes’sche Netzwerk definiert wird. Auf diese Weise
wird das Erfassungsproblem probabilistisch angegangen. Das Modell definiert eine gemein-
same Verteilung von greifrelevanten Faktoren, wahrend die Unsicherheit dieser Faktoren
durch probabilistische Verteilungen quantifiziert wird. Mit dem vorgeschlagenen Modell
werden drei herausfordernde Erfassungsszenarien unter vordefinierten Bedingungen for-
muliert. Der Unterschied zwischen den Szenarien wird durch Konditionieren entsprechen-
der Faktoren in diesem Modell codiert.

Im ersten Szenario wird das Greifen im Zusammenhang mit Montageaufgaben behan-
delt. Das Hauptproblem besteht darin, Greifkonfigurationen so auszuwéhlen, dass die
Wahrscheinlichkeit, Aufgabenbeschrankungen zu erfiillen, maximiert wird. Ein Qualifika-
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tionsrahmen wird vorgeschlagen, um eine vollstandige Sequenz fiir einen mobilen Ma-
nipulator zu erzeugen, um eine Assembly durchzufithren. Dies reicht von der Objekt-
wahrnehmung iiber die Begriindung der Greifstrategie bis hin zur Steuerung von Roboter-
bewegungen. Das Framework bietet einem nicht sachkundigen Benutzer eine intuitive
Moglichkeit, ein Montageproblem zu parametrisieren. Innerhalb des Rahmens werden
Fahigkeiten auf hohem Niveau vorgeschlagen, um Pick-and-Place-Aktionen durchzufiihren,
um die Ausrichtung von Objekten sowie Einfiigungsaktionen zum Zusammensetzen von
zwei Objekten zu éndern. Die erfolgreiche Ausfiihrung beider Aufgaben erfordert, dass
die Objekte in einer bevorzugten Zuweisungsausrichtung erfasst werden. Anders als bei
fritheren Arbeiten, bei denen nur die Ausrichtung der Greifer beriicksichtigt wird, um diese
Anforderung zu erfiillen, ist meine Methode in der Lage, komplette Roboterkonfigurationen
zu generieren, um sowohl die Gesamtfahrstrecke als auch die Ausfiihrungszeit der Aufgabe
zu reduzieren. Dies kombiniert mit einer Modellierung der Arm-Plattform-Koordination in
dem Rahmenwerk, erh6ht weiter die Effizienz und Robustheit der Ausfiihrung der gegebe-
nen Aufgabe.

Im zweiten Szenario wird das Erfassen unbekannter Objekte angesprochen. Hier besteht
die Herausforderung darin, eine Griffkonfiguration zu synthetisieren, die die Wahrschein-
lichkeit des Schlieffens der Kraft maximiert. Zu diesem Zweck wird eine neue proba-
bilistische Objektreprasentation plus Sensorfusionsmethode angewendet, um die Form von
Objekten vor dem Ergreifen zu rekonstruieren. Dieser Ansatz eignet sich besonders fiir die
Modellierung von Objekten mit unregelméafiigen Formen. Anders als bei fritheren Arbeiten,
die andere Darstellungen verwenden, kann meine Methode die Rekonstruktionsunsicher-
heit basierend auf dem Rauschmodell von Sensoren modellieren. Auf diese Weise hat diese
Darstellung eine korrekte Interpretation der Modellierungsunsicherheit und kann verwen-
det werden, um Griffpunkte in unsicheren Bereichen zu bestrafen. Unter Verwendung
dieser Darstellungsform wird ein auf synthetischem Tempern beruhendes Greifsynthesev-
erfahren vorgeschlagen, um nach einer geeigneten Greifkonfiguration zu suchen. Verglichen
mit der Methode nach dem Stand der Technik, die eine ahnliche Darstellung verwendet,
arbeitet meine Methode an 3D-Objekten und ist recheneffizienter.

Im dritten Szenario wird ein Sensor mit einer groflen Unsicherheit verwendet, um die
Greifleistung zu untersuchen. Die grole Herausforderung besteht darin, robustes Greifen
auch bei grofen Wahrnehmungsunsicherheiten durchzufiihren. Anders als bei fritheren
Ansatzen, bei denen normalerweise ein Zugriff in offener Schleife ausgefithrt wird, wird
eine adaptive Steuerungsarchitektur vorgeschlagen. Es ermdglicht einem Roboter, das
Greifen in einer geschlossenen Schleife durchzufithren. Unter Verwendung der vorgeschla-
genen Architektur wird das Wahrnehmungsergebnis kontinuierlich an das Griffsynthese-
modul zurtickgegeben und die aktuelle Griffkonfiguration angepasst werden. Die An-
passung der Bewegung an die neue Griffkonfiguration wird durch Dynamic Movement
Primitives (DMP) generiert, so dass wéhrend der Annaherungsphase die Unsicherheit der
Wahrnehmung aktiv reduziert wird. Aktuatoren eines mobilen Manipulators kénnen sin-

nvoll kombiniert und gezielt in verschiedenen Phasen eingesetzt werden, um den gesamten



Greifprozess zu verbessern.

Diese Forschung legt den Grundstein dafiir, wie das Greifenproblem probabilistisch
und systematisch behandelt werden kann. Im Vergleich zu fritheren Arbeiten, die oft
nur eine Greifphase betrachtet, bietet diese Arbeit eine End-to-End-Losung und schlief3t
den Wahrnehmungs-Aktions-Loop fiir den gesamten Greifprozess. Meine Arbeit stellt die
Infrastruktur fiir zukiinftige Forschungsrichtungen bereit und ebnet den Weg fiir die Ver-
wirklichung von Geschicklichkeit auf der Hand des Menschen.
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1 Introduction

Grasping is one of the fundamental skills of human beings. A three months old infant
already possesses a palmar grasp reflex. A baby closes his fingers when an object is placed
in the palm. In the sixth month, the ability of active grasping is further developed. They
can track an object with their eyes and grasp them actively. Gradually, they gain how to
hand over an object between the left and the right hand. From eighth to ninth month,
they can already perform precision grasping by only two fingers. A ten months old infant
already has some ability to perform task oriented grasping. They know how to grasp a
nipple or a nursing bottle correctly so that they can suck them after grasping. As we can
see, a human develops its grasping ability in the very early age, from the passive grasping
reflex to the active grasping skill with task intention and accuracy.

By contrast, the most advanced robots can not reach the dexterity of grasping compared
to a human. In the factory, robots are designed to work in a structured environment. They
have perfect knowledge of what type of objects they are working with, how the objects
should look like, when and where they should appear. Therefore, they can perform a
range of manipulation tasks with high speed. These include material handling, assembly,
etc. Without this prior knowledge while operating robots in unstructured environment,
grasping is a very challenging task for robots. People may ask why grasping is fairly a
simple task even for little children but difficult to robots. In unstructured environment
with little prior knowledge, robotic grasping is an extremely complex problem, which
requires mastering of several tasks. These include object perception, reasoning about

grasp configuration and robust control of grasp execution.

1.1 A brief history of research on robotic grasping

The research on robotic grasping has a long history. Most researchers in the earliest
time address the problem through analytic approaches. Previous work regarding contact
models ([120],[121]), form/force closure ([26],[100]), force optimizations([12],[84])etc. lay
the theoretical framework of determining a firm grasp. The stability of a grasp is usually
quantified by a quality metric ([I15],[9]). The quality metric describes how much external
wrench a grasp can resist. Bicchi and Kumar [4] provides a comprehensive survey of these
methods.

Using a simulator can, in general, accelerate algorithms designed to work on real robots.
In the grasping community, there was no simulator until the emergence of ‘Grasplt’ [90].

The ‘Grasplt’ simulator provides a fast collision detection and contact determination in-
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terface. It is designed for grasp planning with arbitrary objects and gripper types. Since
then, a lot of grasp synthesis approaches ([91],[71],[92]) have been developed based on this
tool. However, it remains a challenge to apply these approaches for grasping real objects,
because most of them rely on prior knowledge of a given object model. Obviously, it is not
feasible to create models for every particular item in the world. In addition, due to the
imperfection of real sensors, the perception of a robot usually contains estimation error,
which further influence the grasping success. These approaches can not handle the problem
of this kind.

Recently, with the development of new sensing technologies, low-cost sensors for acquir-
ing rich 3D information of the environment are available. Data-driven methods became
familiar and put more emphasis on perception for grasping. Different from analytic ap-
proaches, they focus on extracting information from the sensor input, which is relevant for
the synthesis of a grasp. These include object representations, extraction of grasp relevant
features and reactive grasp executions. These methods can better handle the perception
uncertainty which is essential for the real grasping problem. A comprehensive review of

data-driven methods is given by Bohg et al. [7].

1.2 Challenges

Although robotic grasping has been studied intensively in the past, it remains a gap be-
tween the theoretical findings and technical realization in a real environment. Various
models and methods have been proposed to find feasible grasp configurations. However,
there are only a few methods which both consider how to generate task orientated grasp
configuration and exploit the robot kinematics simultaneously. In addition, most object
representations designed for grasp synthesis simply use a mesh model for grasp synthesis,
which is not able to integrate perceptual uncertainty. Methods that able to handle the
perceptual uncertainty probabilistically and model the object efficiently are missing. Fur-
thermore, an integrated system solution for taking advantage of a robot’s structure while
considering the perceptual uncertainty, and allowing a robust adaptive grasp execution is
not available. The various aspects of challenges for robotic grasping are summarized in

this section.

How to design a task-oriented grasping skill which is reusable for mobile
manipulation tasks?

In a mobile manipulation scenario such as an assembly task, a robot is required to assemble
several objects together. The robot usually has to perform a sequence of manipulation
actions, which include grasping, placing, insertion and so on. According to a given assembly
plan, one object may be picked and placed multiple times, so that the orientation of the
object meets the conditions of the following manipulation steps. Therefore, grasping serves
as one of the core skills for the task. It is preferred to have a reusable grasping skill which
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can be easily used throughout the entire manipulation process. In addition, grasping has
also to be task-oriented. For an object and a given gripper, it may exist thousands of grasp
configurations which are feasible, but only a sub-set of these configurations meet both task
constraints and the workspace constraints. How to calculate a ‘good’ robot configuration
for grasping is an issue. Another problem regarding this scenario is that the objects to be
assembled may not directly locate in the workspace of the manipulator. The robot must
use its mobility to move to positions so that the objects are reachable. Determining these
intermediate base positions which minimize the movement of the robot while combining the
base motion and manipulator motion can increase the overall task performance. It remains

a big challenge how to address the above-mentioned issues in an integrated framework.

How to model a grasping favorable object representation and use it for precision
grasp synthesis?

A large portion of objects daily life have irregular shapes. To handle the variety of object
forms is a challenge. One naive approach for representing such objects is by approximating
the geometry by shape primitives. This representation may feasible for power grasping
such as caging, but is not suitable for precision grasping with fingertips. For tasks which
require precision, choosing of an appropriate representation for grasp synthesis is an issue.
A good representation should be able to model the surface as accurate as possible. As
an accurate representation lies the foundation for grasp synthesis algorithm to generate
precision grasps. If the object model is not known a priori, the representation should
allow fast reconstruction online. In addition, as the object model can never be perfect, the
representation should model the uncertainty of the surface, so that the robot is able to
estimate the probability of success. Furthermore, for grasp synthesis, it is often required
to evaluate a large number of grasp hypotheses, a model which allows fast query of object
surface normals can accelerate the speed of finding a feasible grasp configuration. It is a
big challenge to design such a representation which can include all the mentioned features

and a grasp synthesis method that is tailored for the representation.

How to increase the robustness of grasp execution in spite of perceptual
uncertainty?

Grasp execution refers to the actual motion of performing a grasp. Traditional approaches
usually execute pre-computed grasp movements in open loop. However, due to perceptual
uncertainty, the planned grasping points may differ from the actual contact points, per-
forming of the scheduled grasp trajectory may result in failure. One approach to increasing
the robustness of grasping is by closing the perception-action loop during the grasp ex-
ecution. The robot is required to adapt its grasp motion to the perceptual result. For
a mobile manipulator, how to coordinate and control the required component to achieve
such adaptive grasp behavior is a big challenge.
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1.3 Main contributions and outline of this thesis

In this dissertation, a general and integrated system is developed to tackle the challenges as
mentioned above for robotic grasping. Three grasping scenarios which represent different
aspects of grasping are explored. Fig. illustrates the outline of this thesis. In chapter 2]
we propose to unify various aspects of challenges using a Bayesian network. The variables
defined in the model represent factors which are relevant to the overall grasping success.
The difference between the scenarios only exist in which variables are observable. In
chapter [3| we focus on how to generate reusable task-oriented grasping skills for assembly
task. For this purpose, a skill-based framework is proposed so that a mobile manipulator
can perform the assembly task very efficient and flexible. Different from the objects that are
known in prior in an assembly tasks, we address the problem of unknown object grasping in
chapter [ A grasp synthesis method based on a novel probabilistic object representation
is proposed in this chapter. The method improves the accuracy of grasping significantly.
In chapter [5] we tackle another grasping scenario that the accuracy of sensor used for
grasping is not high. To face the challenge, an adaptive grasping control architecture is
proposed so that the robot is able to adapt its grasping motion online during execution.

In this way, robust grasp execution is achieved despite sensing uncertainty.
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Chapter 2
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Fig. 1.1: Thesis outline

A skill framework for the assembly problem exploiting arm-base coordination

Mobile manipulators are the robots which equipped with a mobile base platform for navi-
gation and arm(s) for manipulation. For reach-and-grasp tasks, state-of-the-art approaches
consider it as two isolated problems: a navigation problem followed by a motion planning
problem. Using these approaches a robot should first move its mobile platform to a location
so that the object is reachable, then use its manipulator to accomplish the object grasping
task. Although this is a feasible solution, the time used to perform this task is not efficient.

In contrast, a human performs the same task with all his actuation capability (arm, hand,
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body, locomotion) in a coordinated manner. In chapter , inspired by the human, we pro-
pose to bridge the gap between human reach-and-grasping and robotic reach-and-grasping
by arm-platform coordination. An analysis of the reachability of a mobile manipulator is
first conducted. The result revealed that the overlap between the workspace of a manipu-
lator with the observation space of a fixed mounted camera is very limited. As a result, if
the design of a mobile manipulator does not consider this aspect, it may have to face the
following dilemma, the target object is located in the field of view of the robot, but it is
not reachable from the robot manipulator, or the object is reachable from the manipulator
but lies out of the field of view of the robot. This situation implies that arm-platform
coordination is the only promising approach to solve the reach-and-grasping problem effi-
ciently. To enable a mobile manipulator to move with its full degree of freedom (DOF),
we propose a concept of virtual joints as well as a virtual kinematic chain. The virtual
kinematic chain is composed of both the manipulators’ joints and virtual joints. In this
way, the planning of the arm-platform coordinated motion can be seamlessly integrated
into an existing motion planning framework. We demonstrate the benefits of this concept
in an assembly problem and propose a skill-based framework to solve the problem in a
generalizable fashion. In this framework, reusable high-level skills can be parametrized to
perform pick, place and insert operations. The high-level skills can reason about where to
grasp the object so that the constraints for place and insert operation are satisfied. Fig.
illustrates the input and output of the system.

A probabilistic approach to the grasp synthesis for unknown objects

Because of the uncertainty of the real world, dynamics of objects and error in perception,
it is difficult for the robot to ensure that the grasp action will always succeed. To manage
the complexity and uncertainty in the real world, modeling the success probability of a
grasping action is a promising method to handle these problems. In chapter [4] the success
probability is calculated based on a model of conditional grasping success and a model
of object posterior. This method reduces the complexity of directly modeling the grasp
success probability. It splits a complex model into two independent models which are not
correlated with each other. The conditional grasping success model describes the prob-
ability of success by taken an action, under the condition that the object state is given.
It is modelled using four criteria, which maps the principle of underlying grasp physics,
actuation error and representation uncertainty to the model. Object posterior models the
object state distribution after a series of observations are obtained. Depending on the
choice of the representation, for some real world objects whose shape can be approximated
by a group of shape primitives, the dimension of the object state space is small. The object
posterior of these objects can be computed by e.g. Bayes filtering. For most real world
objects, the dimension of state space is large because of their individual shape. We propose
a new surface representation and a fusion method to compute the object posterior. The

underlying structure of the surface representation is a variance augmented signed distance
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Fig. 1.2: (a) A high-level assembly sequence provided to the system. P.R: The skill for
picking and placing an object in another orientation. P.l: The skill for picking an
object and inserting in another one. (b) A mobile manipulation robot performs the
assembly task autonomously.
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function. This representation allows temporal and spatial fusion by multiple depth cameras
with individual noise characteristics. The result of the sensor fusion is a uncertainty-aware
surface distribution which approximates the object posterior. After modeling the grasp
success probability, the aim is to search for a grasp action that maximizes the success
probability. For this purpose, we propose a simulated annealing method to find a feasible
grasp. This approach seamlessly connects grasp perception and grasp control in a system-
atic way, while serves as a foundation for grasping unknown objects. The computational
time of our method performs 30 times faster than a state-of-the-art method which uses
a similar representation. Experimental results verify a significant grasping accuracy im-
provement in the scenario of grasping real world unknown objects by using the proposed
method. Fig. elaborates some detail of proposed method.

(c) (d)

Fig. 1.3: (a) The object is presented to the robot for the first time. (b) The robot
reconstructs the object surface by fusing sensor measurement from two depth
cameras. (c) An uncertainty-aware object model is constructed and a feasible grasp
is found for grasping the object. (d) Successful execution of the grasp on a real
robot.

An adaptive control architecture for closed-loop grasp execution

Chapter [5| addresses the control aspect of the grasping process. In general, individual
actuators of a mobile manipulator are usually controlled separately. However, arm-platform
coordination requires control commands to be sent to each actuator simultaneously. To
control the individual actuators in synchrony, we propose a system control architecture,
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which enables a plug-in mechanism to combine arbitrary independent actuators into a
standard control loop in a flexible manner. This allows a mobile manipulator to easily
switch and combine the actuators according to the requirements of a grasping phase. For
example, a mobile manipulator can use arm-platform coordination in the pre-grasp phase
for moving to a reachable position and for interacting with an object. Motions executed
by the arm alone can be employed in the grasp-motion phase for approaching a grasp
configuration. Arm-gripper coordination can be utilized in the force-closure phase for
stabilizing the object within the gripper. In most previous approaches, motions of the
grasping are usually planned beforehand. Thus, the adaptation of the grasp motion to the
change of the object state is not possible. We propose to solve this problem by an online
trajectory generation algorithm and feed the state of the object back to the trajectory
generator. In this way, a large control loop is closed by the system. Using the proposed
method, a mobile manipulator is not only able to reason about the grasp configuration but
also recognize the change of the environment and adapt to the change. As a result, the
robustness of the grasping accuracy is significantly improved. In Fig. [I.4] the robot uses
the proposed method to grasp light objects.

(b)

Fig. 1.4: (a) The robot is about to grasp light objects. The radius and position of the
objects are estimated online during the reach-to-grasp phase. (b) The robot
successfully pick up the object despite of large sensing uncertainty.



2 A Probabilistic Graphical Model for the
Grasping Problem

2.1 Introduction

As mentioned in the previous chapter, the essence of the robotic grasping problem is to
control the actuators to achieve grasping success. Due to the process uncertainty, the same
measurement and the same actuator control may not result in the same outcome. A lot
of uncertain factors are involved in the grasping process. These include imperfect sensor
input, the shape of an object, precision of control and satisfaction of task constraints.
These factors determine the final outcome of the grasp process. Therefore, it is more
reasonable to use a probabilistic model to estimate the probability of grasp success rather
than using a deterministic model. As the success probability of grasping depends on many
factors, directly modeling the problem from the factors to success probability is complex
and hard. One way to handle the complexity is to model the grasping problem using
probabilistic graphic models [67].

Probabilistic graphic models use a graph structure to represent a probabilistic distribu-
tion over high dimensional space. The major advantage of using a graph-based representa-
tion is one can break the modeling of complex probability distribution over every possible
variable into simple small factors. The joint distribution of every possible variable is sim-
ply the multiplication of these small factors. Specifically, we can break up the modeling
of the joint distribution over all the factors which may influence the success into smaller
manageable probability models. We use one family of the probabilistic graphic models
called ‘Bayesian Networks’ to model the grasping problem. The ‘Bayesian Networks’ uses
a directed graph to represent the probability distribution. A directed graph is composed of
a set of nodes and directed edges. The nodes specify random variables that represent in-
fluence factors. The edges define the direction of dependency between factors. The reader

can refer to [69] for a more formal description of ‘Bayesian Networks.’

2.2 Related work

In previous research work, grasping under uncertainty can be handled using different as-
sumptions and solutions. One assumption is that the robot may use its fingertip sensor to
sense and interact with the target object. Based on this assumption, Hsiao et al [52] mod-
els the grasping problem as a partially observable Markov decision process (POMDP), and
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demonstrates in a 2-D planer simulation how the grasping policy is generated by solving
the POMDP. Another direction of handling uncertainty focuses on grasp planning. Kim
et al. [66] proposed a grasp quality under pose uncertainty by capturing the dynamics of
the object in a physical simulation. Roa et al [I16] proposed to plan independent contact
regions for finger placement by considering the kinematic of the gripper. Uncertainty can
also be handled by generating reach-to-grasp motion. Stulp et al [125] proposed to use dy-
namic motion primitives (DMP) to plan reach-to-grasp motion rather than a single grasp
for handling uncertainty:.

As the uncertainty can be handled in different ways, the major difference of the pro-
posed formulation is that it is not a specific solution to solve a specific scenario of grasping
under uncertainty but provides an overall description of which part of the uncertainty in
the system must be considered. This formulation can be used to model grasping under
different pre-conditions. These include grasping selection under task specification, grasp-
ing synthesis of known/unknown objects, and reducing of the uncertainty during grasp
execution.

2.3 Probabilistic modeling of grasping using Bayesian

networks

In this section, we introduce a general description for grasping problems using a Bayesian
network. We first define a set of variables for the problem. A graph is then proposed
to model the dependency between the variables. Then we explain that solving grasping
problems is equivalent to solving inference tasks under the condition that a subset of the
defined variables is observed.

2.3.1 Variable definition and graph structure

The first variable that we define for the grasping problem is the outcome of a grasping
process S. The outcome is a discrete random variable which takes two values to specify
whether a grasping process succeeds or not. One standard definition of the success is
whether the gripper of a robot achieves force closure on the object. However, this definition
only considers the result of grasp acquisition itself. As grasping of an object may also have a
purpose, the task intention of a grasp should also be considered as a part of grasp success.
Therefore, we define the success of a grasping process not only based on force closure
property but also on whether the task constraint is fulfilled. Thus, we define another two
discrete variables F' for whether the gripper achieves force closure condition and C' for
whether constraints defined by the grasping task is fulfilled. Consequently, the outcome
of a grasping process S only depends on F' and C. Now let’s consider which factors can
influence the force closure condition F. It is reasonable to think that object state X
and robot controls U jointly affect the force closure condition. As the object state X is

10
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normally not observable and derived from the sensor measurement, we define Z to be the
sensor measurement that can influence the estimation of object state. The task constraint
satisfaction C represents whether a grasp configuration satisfies the condition regarding a
specified task. Therefore, a task specification 1" naturally influences the task constraint.
Besides that without the grasp configuration, it is not possible to evaluate whether task
constraint is fulfilled or not. Therefore, C' is also dependent on object state X and robot
control U.

Based on the analysis of the factors and their dependencies we can model the relation-
ships of the factors into a Bayesian network. Figure. depicts the proposed network that
we define for the grasping problem. All the variables surrounded by a box are binary-valued
discrete variables, while the variables surrounded by an ellipse indicate their domain can
be either discrete or continuous. All the defined variables are summed up in Tab. 2.1}

S

Fig. 2.1: A Bayesian network for the grasping problem. Variables surrounded by a box are
binary-valued discrete random variables. Variables surrounded by an circle can be
either continuous or discrete.

Variable Description

outcome of a grasping process
satisfaction of force closure condition
robot control

sensor measurement

object state

task specification

satisfaction of task constraints

QAN 0

Tab. 2.1: Definition of variables

Based on the proposed Bayesian network, the joint distribution of all the variables can
be written according to the graph structure. The joint distribution of the grasping problem

11
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is given by

P(S,F,C, X, Z,U,T) =P(S|F,C) - P(F|X,U) - P(C|U,T) - P(Z|X)

(2.1)
.P(X)-P(U) - P(T)

where P(S|F,C) , P(F|X,U) , P(C|U,T) and P(Z|X) are conditional probability distri-
butions (CPD). Among them, the CPD of P(S|F,C) can be expressed using a CPD table,
because all the variables involved are discrete. The outcome S of a grasping process is
success, if and only if F' is success and C' is success. Therefore, the CPD of P(S|F,C)
is directly given by Tab. The CPD of P(F|X,U) specifies the probability of force
closure. The modeling of this CPD depends on which representation of X and of U are
used. P(C|U,T) models the probability of task constraint satisfaction. P(Z]X) models the
probability distribution of Z given the object X, which is per definition the measurement
model of a sensor. P(X), P(U) and P(7T') are the prior distributions respectively.

(=

sO | st

= oo O

O ||~

Tab. 2.2: The conditional probability distribution for P(S|F,C). The superscript 1 and 0
indicate the variable equals success or failure respectively.

2.3.2 Query of conditional probability distribution

One of the advantages of using probabilistic graphical models is we can perform inference
tasks. The goal of an inference task is to query the probability of a set of variables based
on a set of observed evidence. Mathematically, let Y be a set of variables for the query,
E = e be a set of evidence. The inference task is to compute the conditional probability
distribution of Y given E. The conditional probability distribution is given by

PY|E =)= P E=¢) (2.2)

P(E =e)

In the context of our grasping problem, the evidence variables are measurement Z, robot
controls U and task specifications 7. The probability distribution that most interests
us is P(S|Z,U,T), the outcome of a grasping process given the evidence variables. The
query of the probability gives how likely a grasp will succeed. Then, the goal of grasping
is to maximize the probability of success P(S = 1|Z,U,T). Among the evidence in this
probability, Z is measurement given by the sensor and 7' is given by the task, the only
variable that can be changed to maximize the success probability is the robot control U.
Therefore, the grasping problem is defined by find the best robot control U = u*, so that

12
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the conditional probability P(S = 1|Z = 2/, U = u*,T = t') is maximized:

uw* =argmaxP(S =1|Z,U,T) (2.3)

u

2.4 Inference in different grasping scenarios

So far we propose a coherent probabilistic model to describe the grasping problem. In
reality, the objects to be grasped, the type of sensor used for perception and the type of
gripper jointly determine the hardness of a grasping problem. Hence, the representation
of the random variables and the modeling of the conditional probability distribution can
vary with the condition of a grasping problem. In the following sections, we elaborate how

we configure the model in different grasping scenarios.

2.4.1 Grasping known objects under task constraints

In chapter [3, we consider the assembly as our target application scenario. In this scenario,
since object models are given prior to grasping, the robot can use the object models for
grasp planning and perception. Specific task constraints are defined for the objects, so
grasping of an object is always related to a purpose. The robot has to infer the control to
ensure that a specific manipulation task can be performed after grasping. Since grasping
of known objects has been well studied in the previous research, we manually specify
a set of force closure grasps to the object. In this way, we are allowed to condition the
random variable F' = 1 to assume that the force closure is already fulfilled. The conditional
probability of success in this scenario can be reformulated by

P(S=1ZUT)=P(S=1|Z=2U=uT=tF=1). (2.4)

Similar to the previous derivation, the conditional probability of success can be expanded
using Bayes rule and is expressed by

P(S =1,zu,t,f)

P(S=11Z,UT,F=1)= Gt

(2.5)

We can further compute the nominator of the Equ. by marginalizing C' and X given
by

P(S=1zut f)=Y P(S=1CX,zut/f)
C,X

=Y P(S=1C=0Xzut f)+Y P(S=1,C=1Xzut,f).
X X

(2.6)

13
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Similar as in the Equ. [2.14] the first term of Equ. also equals zero, because the condi-
tional probability of success given the evidence P(S|C' = 0) is zero according to Tab. [2.2]
The second term can be further expressed by

P(S=1zut f)=> P(S=1,C=1X zut,f)
X

=Y P(S=1|F=1,C =1)-P(F =1|X,u) - P(z|X)
X (2.7)
-P(C =1|u,t) - P(X) - P(u) - P(t)

=Y " P(C =1fu,t) - P(2|X) - P(X) - P(u) - P(t).

Now we can replace the term P(z|X) - P(X) by P(X|z) - P(z) using Bayes rule and moves
the sum product before P(X|z). The joint probability is then given by

P(S=1,z,u,t, f) =P(C = 1u,t) - ZP(X|Z) -P(2) - P(u) - P(¢). (2.8)

With > P(X|z) = 1 and P(2) - P(u) - P(¢) is equal to a normalization constant n”. We
can write the joint probability further by

P(S =1,z ut, f)=n" P(C = 1|u,t). (2.9)

Combining the denominator which is also a normalization constant, the final conditional
probability which we want to query is simplified to

i7" P(C = 1|u, t)
P(z,u,t, f) (2.10)
=n""-P(C = 1|u,t).

P(S=1|Z,UTF=1)=

Therefore, the problem of grasping known objects with task constraints is defined by finding
the best robot control U = u*, so that the conditional probability of satisfying the task
constraints is maximized.

u* = argmax P(C = 1|u,t) (2.11)

u

2.4.2 Grasping unknown objects

In chapter 4, we consider the scenario of grasping unknown objects. In this case, no
information about the objects is available in prior. The robot neither knows the geometry
nor the pose of an object. In this scenario only ‘Pick and place’ is one of the reasonable
tasks. Since there is no information about object’s geometry, the orientation of an object
can be chosen arbitrarily for a placing task. It is reasonable to assume that the task
constraint is already fulfilled. Therefore, we can condition an additional variable in the

14
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set of evidence by setting C' = 1. Based on the graphical model, conditioning of variable
C blocks the reasoning pattern from task specification T' to the outcome S, T and S are
therefore conditional independent. The probability of success specified in Equ. [2.3] can be
reformulated by

P(S=1ZUT)=P(S=1Z=2U=uT=t0C=1) (2.12)

where the variable C' now becomes an evidence. Based on the Bayes rule, the conditional
probability can be further expanded by

P(S =1,z u,c,t)
P(z,u,c,t)

PS=1Z2=2U=uT=tC=1)= (2.13)
Here we replace C' = 1 by ¢ to keep the equation concise. The nominator of Equ. [2.13
can be computed by marginalizing the joint distribution of all the variables specified in
Equ. 2.1, The variables to be marginalized are neither in the set of query nor the set of
evidence. In this case, the variables to be marginalized are X and F. Without loss of
generality, we use the sum operation for marginalization by assuming all the variables are
in discrete space. Later we can freely replace the sum operation by an integral if the actual
representation of the variable is in continuous space. First, we eliminate the variable F'.
Since F' can only take 0 or 1, the result of elimination is thus given by

P(S=1,zu,c) :ZP(S: 1,F ¢, X, zu,t)
F.X

:ZP(S: 1,F:0,C,X,z,u,t)+ZP(S: 1L,F=1,¢X, zu,t).
X X
(2.14)

The first term P(S = 1, F = 0,¢, X, z,u,t) can be expanded by P(S = 1|F = 0,C = 1)
multiplying the rest of the factors according to Equ. . The condition probability P(S =

1|/F = 0,C = 1) is equal to zero according to Tab. so the first term of Equ. m
equals zero regardless what value the rest of the factors take. So we can simplify the joint
probability P(S = 1, z, u, ¢) by considering only the second term by

P(S=1,zu,c) :ZP(S: LFE=1¢X, zu,t)
=Y P(S=1|F=1,C=1)-P(F =1|X,u) - P(z|X) (2.15)
P(C =1|u,t) - P(X) - P(u) - P(t)

According to Tab. 2.2 we know that the CPD of P(S = 1|F = 1,C = 1) equals 1. The
probability of task satisfaction P(C' = 1|u,t) also equals 1, because we assume the task
constraint is always fulfilled in this scenario. The multiplication of P(u) - P(t) can be
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summarized by a constant 7. The object prior P(X) and the sensor model P(z]|X) can be
summarized by 7' - P(X|z). Thus we can simplify the Equ. by

P(S=1,zu,¢)=n-1 - P(F=1|Xu)-P(X|2) (2.16)

Now let’s look at the denominator of the Equ. Since the value of the denominator is
also a constant n”, the conditional probability what we query for can be formulated by

. /
P(S=1Z=2U=uT=tC=1)=""L.5 P(F=1]X,u) P(X|z)
n X

(2.17)
x Y P(F=1|X,u)-P(X]2).

Therefore, the problem of grasping unknown objects is defined by finding the best robot
control U = u*, so that P(S = 1|7 = 2,U = u,T =t,C = 1) is maximized:

ut = argmaXZP(F =1|X,u) - P(X]z) (2.18)
“ X

The challenge in this grasping scenario can be seen from Equ. The probability of
force closure and the posterior probability of object state along with finding the optimal
robot control are the major problems to be addressed in this scenario.

2.4.3 Grasping objects under limited sensing capability

In chapter 5, we consider the grasping scenario in which the sensor measurement used for
perception has a significant noise characteristic. Specifically, a low-cost time-of-flight depth
camera is used as the primary sensor for grasping. The challenge in this scenario is how
to improve the grasp success despite significant sensing uncertainty. We propose to use a
camera-in-hand setup to measure the object continuously during the grasp motion phase.
The closer the distance from the camera to an object, more object detail can be measured.
In this way, the uncertainty of the object can be reduced online which eventually increase
the success of grasping.

To describe the problem using a graphical model, we need to extend the above model
in a temporal fashion. In Fig. [2.2] we first encapsulate the original graphical model into a
block, where three variables are exposed to the outside. Then we chain the small blocks in
series to obtain a new model as depicted in Fig.[2.3] We use subscript 0, 1, - - - ¢ to indicate
the time dependency of the variables. The grasp process begins with the first measurement
in time stamp zero. As a result, a dependency is created between X, and Z,. Based on
the sensing result, a control trajectory Uy = wug is inferred to maximize the probability
of success Sy. The robot performs one step of the trajectory uy and the grasping process

moves on to the next time stamp. Since the camera also moves towards the object, the
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So

Si

Fig. 2.2: Encapsulation of the original graphical model.

Fig. 2.3: Chaining of the original graphical models.
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measurement at the next time stamp Z; depends on the last trajectory Uy and the object
state X;. The sensing and control loop repeats until the last measurement Z; and control
trajectory U; are taken. The conditional probability of success is formulated by

Z P(S=1FC X, zu,t)
C(()) Cn
X07...Xn

S0,+Sn

(2.19)

where Z = {Zy, -+, Z,}, U = {Up,---,U,} and C = {Cy,---,C,}. The condition
t = {t,--- ,t} indicates in each time stamp the task specifications are the same. Again,
the nominator is computed by marginalizing the joint probability of all the variables which
are neither query nor conditions. The denominator is a renormalization constant. The joint

probability distribution in the nominator can be computed based on the graph structure
by

P(S;=1F,C,X, zu,t)= H P(Fi|Xi, w;) - P(Cilug, t) - Pzifui—1, X5)

1=1n

P(Fo|Xo,u0) - P(Coluo, 1) P (20 Xo) (2.20)
P(Si|F Cy) - P(S; = 1151, -+ -, Sp)
-P(X;) - P(w;) - P(Xo) - P(uo)

First, we eliminate discrete variables F', C and S. The term P(Sy = 1|5y, -+, 5,) equals
zero as long as one of the S; does not equal to one. Therefore, after marginalization of S

the nominator equals

Y PS;=LFECXzut)= Y PS;=18=1FC X, zut)

F() Fn FO Fn

Co."C Co."Cl (2.21)
X07"'XTL X07"'X7L

So,++Sn

The same principle also applies to F; and C;, because the term P(S; = 1|F;, C;) equals zero
everywhere except at F; = 1,C; = 1. After we eliminate all the F; and C;, the nominator
of Equ. [2.19equals to

Y PS;=1LFCXzut)= Y PS=18=1F=1C=1X,zut)

F, o Fp, X0, Xn
Co,++,Cn
X0, Xn
So.+5n
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Substituting the term after sum operation by [2.20 we obtain

Zpsf_1s F=10C=1X,zut)

XO:
X0, Xn i=1n
: P(Fg = 1|X0,U0) . P(C() = 1|U0,t> P(Z()lX())

S/

=1 -1

P(Xi) - P(u;) - P(Xo) - P(uo)

H Z = 1 X5, u;) - P(Cy = 1uy, t) - P(zilui—1, Xi) - P(X;) (2.23)
i=1n X

¢z‘(u;;i71)

: ZP(FO = 1| Xo,uo) - P(Co = 1|ug, t) P(20]Xo) - P(Xo)

\XO )

¢0?;0)

- P(u;) - Pluy)
———
constant

(8 H ¢i(ui,ui—1) : ¢0(U0)-

1=1ln

Incorporating the renormalization constant in the denominator of Equ. [2.19] the con-
ditional probability of grasping success is proportional to the multiplication of a set of
factors ¢;.

o). (2.24)

As same as in the previous grasping scenario, we aim to find uf to u) to maximize the
conditional probability. However, due to the temporal property of the model, we can not
condition all the measurements Z at once. The conditioning of the measurement depends
on what control trajectory u is sent to the robot at the last time stamp. Therefore, the
optimal control sequence ug : u; can only be found in an iterative fashion. We propose to
use the following paradigm to find optimal controls for the robot.

2.5 Summary

In this chapter, we first propose a unified model based on Bayesian networks to describe
grasping problems. The network we define for the grasping problem factorizes the joint
distribution into smaller conditional probability distributions. By conditioning on a subset
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Algorithm 1 Paradigm for iteratively finding optimal control trajectory

—_

*
ug = arg max @o(uo)
uo
execute ug on robot

wait for a time step
for ¢ from 1 to n do
uf = arg max ¢;(u;, ul_,)
Us
execute u; on robot
wait for a time step
if pre-touch configuration is reached then
return success
10: end if
11: end for

of variables such as measurement and robot controls, we can compute the conditional
probability of success. The goal is to determine the controls that maximize the conditional
probability of success. Then we derive how to compute the conditional success probability
in three different grasping scenarios. The focus of each scenario is different. In the first
scenario, we consider grasping known objects under task constraint. As the object is known
to the robot, we can assume that an object model for detection and localization exists.
Furthermore, a set of grasp configuration can be defined in advance. As a result, the force
closure conditions are always fulfilled during grasp executions. The focus in this scenario
is how to model the task constraint satisfaction. In the second scenario, we consider the
problem of grasping unknown objects. The focus is how to model the probability of force
closure and how to model the object. In the third scenario, we consider the problem that
the robot only has limited sensing capability. To reduce perception uncertainty, the model
is extended in a temporal fashion to allow continuous measurement integration. The focus
is how to find optimal controls online in each iteration. In the following chapters, we will

elaborate how the grasping problem is solved in each grasping scenarios.
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Mobile Manipulator

Grasping is usually associated with task intentions. The content of a task determines the
grasping strategy needed. For example, a bottle can be both successfully grasped from the
side or from the top. When pouring is the task intention, the bottle has to be grasped from
the side. On the contrary, when the bottle is intended to be placed into a beer box, the
right way to grasp the bottle is grasping from the top. In another example, an assembly
task usually requires the parts to be putted together by following a certain direction, so how
to (re)grab the parts before assembly must be considered. In this chapter, we introduce
how to generate a suitable grasping strategy and corresponding motion trajectories in this

scenario.

3.1 Introduction

Assembly is the act of combining components together in a logical sequence. Assembly
widely exists in the chain of production. Conventional assembly tasks are either done
manually or completed through a specially designed automation equipment. The tradi-
tional assembly automation is mainly aimed at mass production. The product usually has
a long life cycle. The product parts and assembly processes do not need to be changed
in a long time. In order to meet the demand of production with small lot size, the tradi-
tional assembly automation is unable to meet the rapidly evolving product demand and
labor costs. Moreover, the traditional assembly process is automated by designing special
fixtures, grippers, even pre-programmed motion of robots. It requires significant effort to
apply change to the assembly automation process.

General purpose mobile manipulators can help to increase the flexibility of assembly
automation because it can be applied to various environments and perform different tasks.
A general purpose mobile manipulator is an autonomous system, equipped with a percep-
tual system for sensing the environment, as well as an arm and a gripper for manipulating
objects. Compare to a fix mounted robot arm, a mobile manipulator requires minor effort
for setting up and can reach more area of space by moving itself. Especially in the situ-
ation where the workspace is limited, it can choose the best suitable position to perform
manipulation tasks. Based on its flexibility, we chose it as the platform to solve assembly
problems.

The major question we want to answer is how to realize an adaptable and parameter-
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3 A Skill Framework for Assembly Tasks Using Mobile Manipulator

izable assembly process so that it can be easily adapted to different assembly sequence.
Since in assembly tasks grasping is always related to a task, thus the problem of grasping
under task constraint must also be addressed. For this purpose, we propose a skill frame-
work and a probabilistic model to solve the problem. The main idea is to decompose the
assembly process into hardware independent assembly steps. Each step is an instruction
which describes the relationship between the parts being assembled. One example can be
‘Insert part A on the top of part B’. A user is only required to provide such instructions and
their execution sequence to complete an assembly task. Thus, the sequence of assembly
and the parameters of the assembly parts can be easily changed or reconfigured. The user
does not need to worry about how the instructions are performed, such as the motion of
the robot, the positions of the parts, etc., because they are all handled by the proposed
skill framework. It encapsulates these instructions using a set of skills which are reusable
across different instructions. The skills implement the actual planning and execution logic.

For the purpose of demonstration, two types of instructions are provided, later we call
them high-level skills. One is ‘Pick and Reconfiguration” and another is ‘Pick and Insert.’
In both instructions, the problem of grasping under task constraint has to be considered.
In ‘Pick and Reconfiguration’, the robot grasps a part from a support plane and then place
it back in the desired pose. Since the desired pose is different than the original pose, it has
to be ensured that the robot does not collide with obstacles both for the pickup posture
and the place posture. In ‘Pick and Insert,” the robot grasps a part from the support plane
and then insert it into another part. The robot should guarantee the first part is picked
up in the right way that the gripper does not cover the insert area. Otherwise, the insert
operation can not be conducted. In both high-level skills, the feasible grasp postures, as
well as the robot configurations for grasping the parts have to be determined. We propose
a sampling algorithm to find the desired configuration which maximizes the probability
of task satisfaction. As a by-product, it also solves the optimal placement of the robot
that during the execution of either high-level skill, the traveling distance of the robot is
minimized.

We evaluate the proposed skill framework for assembly using a 3D printed toy radio
assembly shown in Fig. The result shows that with the proposed algorithm, the task
constraints of the grasps can be satisfied. Besides, the framework allows not only the
parts being placed in various initial configurations without any fixtures, but also makes it
possible for flexible parameterization of assembly steps and configuration of their execution
sequences.

3.2 Related Work

In this chapter, the major problem is how to calculate task constraint grasp configurations
with application to the assembly problem. The grasp configurations have to satisfy task
constraints in the following operation prior to grasping. In the context of assembly problem,
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Fig. 3.1: Assembly of a 3D printed toy radio.

we need to compute a viable configuration to satisfy a task operation such as ‘peg-in-hole’
or 'pick-and-place’ [47]. Here we provide a review of the methods from two perspectives.
The methods from the first perspective concentrate on grasp synthesis when the task
information is given. Given an object, a gripper and their associated task, how the object
should be grasped. The methods from the second perspective concentrate on how assembly
problems are solved by the robots. Here we especially focus on the methods which use a
skill concept to tackle the problem.

3.2.1 Methods of grasp synthesis considering task information

Although generic grasp synthesis has been studied over the last decades, only in recent
years task oriented grasping has been identified as an significant problem. Researchers
usually have their own representation to describe the task information. Dang et al.[I§]
proposed a semantic affordance map which links object geometry to a set of pre-defined
semantic grasps that are suitable for conducting a task. Berenson et al.[3] proposed task
space regions to represent tasks. The regions form a continuous space in which the task
constraints are satisfied. The intersection of task space region and a region of pose uncer-
tainty defines the viable goal region that a robot should reach. Borst et al.[9] proposed
task wrench space to encode the task information. They demonstrated how to integrate
this concept in a well-known grasp quality measure. Another approach to encode task
information is through human guidance. In [I], human planned grasping is studied by an
approach called Physical Human Interactive Guidance. The result shows that the grasps
produced by this method perform better than grasps generated through a state-of-the-art
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3 A Skill Framework for Assembly Tasks Using Mobile Manipulator

automated grasp planner. Lin et al.([82], [83]) proposed a grasping planning approach
that extracts grasp strategies from human demonstration. The grasp strategies not only
represent important human grasp intentions, but also provide meaningful constraints on

hand posture and wrist position. The choice of object representation is also different in
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Fig. 3.2: A grasp synthesis method based on bounding box representation proposed by [56].
Objects are first decomposed into minimum volume bounding box. The parameter
of the bounding box as well as grasps generated by a simulator are fed into a
Neural Network for learning the quality of a grasp.

several approaches. Huebner et al.([56],[55],[38]) uses simplified bounding box to represent
an object. The task-relevant information is labeled on each side of the bounding box.
This information are used for calculating task oriented grasps (Fig. [3.2)). Many researchers
([18],[9]) use a detailed mesh to represent objects, since a bounding box approximation is
not always sufficient accurate and powerful to represent the complex shape. The object
can also be represented by its category. Bohg et al.[8] proposed an approach towards au-
tonomous grasping based on the category of the objects and a given task. Their approach
allows task-specific grasp experience to be transferred between objects of the same cat-
egory (Fig. 3.3). In ([123],[124]), Song et al. provide a learning based approach to the
learning of a distribution to predict whether a given grasp satisfying the task constraints
or not. To achieve a task specific grasp, one can either directly execute the planned grasp,
using pre-grasp manipulation or through tactile exploration. Chang et al. [I3] proposed
to use pre-grasp rotation to change the orientation of an object prior to acquire a task
oriented grasp. In [51I], Ksiao et al. proposed to use tactile sensing to achieve a task
oriented grasp by selecting among grasping and information-gathering trajectories. The
tactile exploration is used for localization of objects in their work.

Some tasks require precision in execution. In these case, the robot has to reason about
the in-hand pose of the object after the object being grasped. Paolini et al. [104] proposed
a data-driven framework for post grasp manipulation. Their approach builds a statistical
model of grasp state conditioned on sensor values. Based on the learned model, the robot
is able to estimate the in-hand pose distribution of the object and choose the action which
maximizes the probability of task success.
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Fig. 3.3: A grasp pipeline for generating task-oriented grasp proposed by [8]. Objects are
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perception system. The result of perception as well as the user input are fed into
the grasp prediction for generating grasps. The best grasp suited for the given task
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3.2.2 Methods of solving assembly problem using skill concept

Methods based on this concept decompose an assembly task into a set of skills. These skills
are parameterizable and adaptable for various assembly tasks so that an assembly program
can be configured in a flexible manner. Solving assembly problem using a skill concept
contains several aspects, such as the design of skill architecture, task decomposition, and
skill acquisition. In the following, we provide a short review of the existing methods and
focus on the above mentioned three aspects.

One of the earliest work that proposes a skill architecture goes back to the middle
90’s. Morrow et al. [94] proposed a sensorimotor primitive layer which bridges the gap
between the robot/sensor system and a class of tasks. The sensorimotor primitives are
parameterized, domain general command which integrate sensing and action and can be
applied to many skills within a task domain. Later they extend the sensorimotor primitives
to task primitives for composing robot skills [93]. Visual servoing combined with force
sensing ([98], [85]) is one of the most widely used sensorimotor primitives to conduct
manipulation tasks, such as peg-in-hole [10], kitting [47], etc. Kroger et al. [T0] proposed
a generic framework based on manipulation primitives for sensor-based motion control.
They introduced an adaptive selection matrix for hybrid switched-system control, which
allows any number and any type of sensors into one control system.

Later, as the assembly tasks to be executed becomes more complex, so decomposing a
given task into skill primitives becomes a demand. Mosemann et al. [05] proposed a method
to decompose complex sequences of assembly operations into skills. The method first
analyzes hyperarcs of the underlying AND/OR graphs which is generated by an assembly
planner. The result represents the sub-tasks to be conducted by the robot. The sub-
tasks are then classified by features like local depart spaces, symbolic spatial relations, and
tools. The classification allows the sub-task being further decomposed into a set of skill
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Fig. 3.4: An example skill architecture proposed in [94]. The sensorimotor primitives are
served as middle layer to connect low-level robot/sensor space to high level task
space. The sensorimotor primitives can be reused within a D-connector skill, which
is implemented by a Finite State Machine (FSM).
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primitives. Pederson et al. [106] presented the concept of general, self-asserting robot skills
for manufacturing. They demonstrated how a relatively small set of skills can be derived
from current factory worker instructions, and how these can be transferred to industrial

mobile manipulators.

Recently, more work focus on how to acquire the skills more intuitively, since designing
a generic applicable skill normally requires expert knowledge [48]. Learning by demonstra-
tion is one of the promising methods that reduce the effort of developing a skill. Dillmann
et al. [25] followed programming by demonstration paradigm and provided a system ap-
proach which allows integrating the overall process of skill transfer from a human to a
robotic manipulation system. Skubic et al. [122] proposed a method to teach robots force
based assembly skills from human demonstration. They modeled sensorimotor skills using
a hybrid control model, which provides a mechanism for combining continuous low-level
force control with higher-level discrete event control. Methods for acquiring assembly skills
can also be found in the context of human-robot collaboration. Ogata et al. [I01] proposed
an approach to human-robot collaboration based on quasi-symbolic expressions. A re-
current neural net with parametric bias model is used to acquire the skills. Wallhoff et
al. [129] presented a hybrid assembly station, in which an industrial robot can learn new
tasks from worker instructions. The learned task can be performed by both the robot and
the human worker together in a shared workspace.
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Fig. 3.5: An example of skill architecture proposed in [129]. A knowledge-based system
control module infers the required skills to execute a given task. The skill
acquisition is based on multi-modal inputs. A skill is learned by teaching the correct
sequence of atomic actions.

3.3 Contributions

We propose a skill-based framework for executing assembly tasks with mobile manipulators.
The proposed framework provides a new way for mobile manipulation based assembly.
Most previous works put the main effort on the design of skill. However they ignore the
pre-condition and the post-condition for executing a skill. Different from the previous
work, we follow a new design principle that allows the execution of skills are independent
of each other. Namely, the postcondition of executing one skill fulfills the pre-condition of
executing another skill. We demonstrate two examples of how to realize an insert and a
place skill respectively. Both skills encapsulate an object localization and a grasping low-
level skill so that a complete sequence including searching, localizing, picking up, inserting,
releasing is realized. In addition, we provide a very intuitive way to parametrize not only
for the skill itself but also for the sequence of executing the skills.

In both skills, the problem of generating a task oriented grasp is addressed. The goal
of most previous work is only to plan a set of gripper configurations. Besides generating
the gripper configuration, we also consider the whole robot configurations including the
base position and the arm position of a robot. In this way, we can use the redundant
degrees of freedom to optimize the performance of executing a task. For instance, in
the context of performing a skill, minimum platform traverse is chosen to evaluate the
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efficiency of a task. We solve this problem by a novel arm-base coordinated modeling
approach and a sampling technique. The modeling approach allows calculating whole
body inverse kinematic solutions while the sampling technique is used to select the best
solutions which represent the most suitable grasp configuration for the task.

The proposed approach is generic and is hardware independent. Thus, we can apply the
approach to any type of mobile manipulator. The parametrization of the skill framework
is intuitive and flexible. Therefore it is suitable for executing a wide range of assembly
tasks.

3.4 Framework description

Assembly graph Skill library

v v

| Skill parameterization |

y

Assembly program

Fig. 3.6: The structure of the framework

The general structure of the skill framework is depicted in Fig. [3.6] The input of the
framework is an assembly graph. The assembly graph contains all the information needed
to perform an assembly task. As depicted in Fig. [3.7] the basic structure of an assembly
graph is a binary tree. The leaves of the tree represent the basic parts to be assembled. In
each leaf, the properties of the basic parts such as the bounding box, the mesh model and
the stable orientations are stored. The internal nodes of the tree represent a intermediate
assembly state, while the root of the tree is the final assembled product. The siblings are
connected with an additional node which stores geometric relationship about how they
should attach to each other. The node also specifies which operation should be performed.
This can be any operation needed to bring the parts together. Example operations are
insertion, screwing, welding, etc. Finally, a list of assembly steps can be generated by
extracting the pairs of siblings from the bottom to the top of the graph.

The information of an assembly step need to be transformed into a sequence of actions
that a robot can perform. In our framework, the sequence of actions are generated by
the skills which are provided by the skill library. As shown in Fig. 3.8] two types of skills
are defined in the library: high-level skills and low-level skills. A high level skill specifies
a high-level task the robot need to perform. The high level skills are reusable functions
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which provided by the skill library. In order to make the high-level skill independent of the
assembly parts, we need further elements to make high-level skill reusable and configurable.
These elements are called low-level skills. Low-level skills are elementary functions or
actions that are reusable across different high-level skills. Example of low-level skills can
be ‘detect object pose’, ‘open/close gripper’, ‘plan trajectory’, etc. To realize a specific
high-level skill, selected low-level skills are organized in a finite state machine. The finite

state machine realizes the internal logic and action sequences.

The assembly program is generated by parametrization of the high-level skills in each
assembly step. Which high-level skills to choose and in which order to perform depend on
the operation type of the assembly step and the capability of the robot. For demonstrating
the advantage of the framework on an one-arm mobile manipulator, two types of high level
skills are elaborated in this work. They are used to handle a commonly used operation in
assembly, namely insertion. The one we call it ‘Pick and Reconfigure’ skill (P.R) and the
other we call it ‘Pick and Insert’ skill (P.I). The P.R skill aims to change the orientation
of a part, so that the desired surface lies in favor of the next task. To realize this skill, a
robot must have a gripper as its end-effector. The P.I skill allows a robot to pick another

part and perform the actual insert action.

3.5 High-level skills

In the following, we elaborate how these two skills are realized. The P.I. skill is designed
to perform an insert operation between two assembly parts, while P.R. skill is designed
to reconfigure the pose of an assembly part. The P.R. skill is necessary because in some
special cases, P.I. skill can not be executed directly. The direction of the insert motion
does not meet a required constraint. For example, the insert motion is not perpendicular
to a table top. In this case, P.R. skill has to be executed first to reconfigure the pose of
the assembly part so that the object pose satisfies the insert condition.
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3.5 High-level skills

3.5.1 Pick & Reconfigure

This high-level skill is realized as a hierarchical state machine. It includes seven low-level
skills which are realized as states. The diagram of state transitions is visualized in Fig.|3.10
The P.R. begins with the ‘Plan platform locations’. The skill calculates the optimal place-
ment of platform for pick and place location so that the distance of platform movement
in between is minimized. The output of this skill is the selected grasp configuration along
with the IK solution both at the pick and the place location. After planning the base
platform location, the robot performs ‘Grasp Object.” The ‘Grasp Object’ has a hierarchi-
cal structure, which contains additional low-level skills. After executing ‘PickObject’, the
robot grasps an assembly part and holds it within the gripper (see. Fig.[3.11b]). The next
skill to execute is called ‘Move Joint Goal’, which plans and executes the robot trajectory
in joint space. The state that uses this skill is ‘MoveToPrePlace’, which moves the robot to
a so-called pre-place configuration (see. Fig. . After the robot is succeeded to move
to the pre-place configuration, the state ‘PlaceDown’ which uses the ‘MoveCartesian’ skill,
plans and executes a linear trajectory towards a given pose configuration. In this case, the
robot moves in a linear path to place the assembly part on a table-top (see. Fig. .
After ‘PlaceDown’ is executed, the robot starts to execute the ‘Control gripper’ skill, in
which the robot releases the object by state ‘ReleaseObject’. The next two skills are ‘Deta-
chObject” and ‘UpdateObjectPose’, which update the planning states in a motion planner
so that the assembly part is not considered as a part of the robot later. The last state

‘MovetoPrePlaceLinear’ uses ‘MoveCartesian’ skill again to moves the gripper linearly back
to the pre-place pose |3.11¢el Fig. illustrates the state flow of this skill.
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l Low level Skills
Plan platform locations —— Plan platform locations
—— Grasp object
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Fig. 3.10: The diagram of state transitions for ‘Pick & Reconfigure’ skill. The low-level skill
‘Plan platform locations' and ‘Grasp Object’ have an hierarchical structure, which
includes further low-level skills organized by a state machine. In total seven
low-level skills are used in the high-level skill ‘Pick & Reconfigure'. The low-level
skill ‘Move Cartesian Goal' is used twice for ‘PlaceDown’ and
‘MoveToPrePlacelinear’.

32



3.5 High-level skills

(a) Initial state before executing the P.R. skill. ~ (b) After executing the ‘PickObject’ state, a
assembly part is picked by the robot. The
color of the assembly part changes from
green violet, which indicates that the as-
sembly part is attached to the robot.

(c) The robot reconfigures the pose of the as- (d) The robot executes the ‘PlaceDown’ state
sembly part and moves to the pre-place to put the assembly part down on the ta-
location by the state ‘MoveToPrePlace’. ble.

14

(e) The color of the assembly part changes
back to green, which indicates that the
robot releases and detaches the assem-
bly part after executing the ‘DetachOb-
ject' state. To finish the P.R. skill, the
robot moves in a linear path back to the
pre-place configuration.

Fig. 3.11: An execution sequence of the Pick & Reconfigure skill
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3.5.2 Pick & Insert

The Pick & Insert skill is also realized as a state machine. Fig.[3.12]illustrates the transition
diagram of the states. The state machine also starts with ‘Plan platform locations’ skill,
which calculates the optimal placement of platform for pick locations and insert locations.
After the optimal platform location is computed, the state machine moves to ‘PickOb-
jectA’ state, which represents the ‘Grasp Object’ skill. The successful execution of the
skill leads to that the assembly part to be inserted is grasped by the robot (see Fig. .
If the ‘PickObjectA’ succeeds, the state machine transits to the ‘ComputePreinsertIK’
state, which represents the skill ‘Compute pre-insert IK’. This skill calculates an IK so-
lution of the arm, so that it can reach a so-called pre-insert pose. The pre-insert pose is
defined as 5 cm linearly opposite from the insert pose. The platform positions for insert
operation calculated by ‘Plan platform locations’ is then used as the input for the next
state ‘LocateObjectB’. This state represents a hierarchical low-level skill called ‘Move and
locate’. The goal of this skill is to jointly move the mobile platform and arm of the robot
to the configuration where it can first perceive and then reaches the target positions for
insertion (Fig. . After the pose of target assembly part is located, the ‘Compute
Insert Pose’ skill is executed to update the desired gripper pose relative to the insert point.
A successful execution of this skill leads to the states in which the robot actually performs
the insert action in sequence, the state ‘MoveToPrelnsert’ followed by the ‘MoveTolnsert’
state. Former uses the ‘Move joint goal’ skill, while latter uses the ‘Move cartesian goal’
skill. After successful execution of both skills, the assembly part which grasped by the
robot is by the moment inserted to the target point (Fig. . Then the robot releases
the assembly part by the state ‘Release Object’, which is a ‘Control Gripper’ skill. After
the assembly part is physically released from the gripper, the ‘Detach Object’ tells the
motion planner to separate the assembly parts from the robot for the following actions.
‘Remove Parts’ and ‘UpdateSubProduct’ update the collision models of the ‘Pick & Insert’
skill. The collision models of the both assembly parts, which are involved in this skill, are
merged together. The last state ‘Lift’ plans for a lift action for the robot so that the
gripper moves away from the assembled part (Fig. [3.13¢).
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Fig. 3.12: The state transition diagram of Pick & Insert skill.
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H \

(a) The robot picks up an assembly part after (b) The robot moves to the arm and plat-
executing the ‘Grasp Object’ skill. form jointly to the configuration where it
can perceives the object with its in-hand
camera and also reaches the insert con-

figuration.

(c) After executing the ‘MoveToPrelnsert’ (d) The actual insert action happens in the
state, the robot moves its arm to a so- ‘MoveTolnsert’ state, in which the assem-
called pre-insert configuration. bly part is inserted in another one.

(e) The robot releases the assembly part and
moves back to the pre-insert configura-
tion. The collision models of both assem-
bly parts are merged into a new one.

Fig. 3.13: An execution sequence of the Pick & Insert skill
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3.6 Low-level skills

low-level skills serve as basic elements to build a high-level skill. All the logic and execution
sequence of low-level skills are handled by their corresponding high-level skill. In this
way the specification of an assembly program is simplified. In total 11 low-level skills are
implemented to realize the ‘Pick & Insert’ and ‘Pick & Reconfigure’ skill in our framework.
Among them, some skills implement planning algorithms such as ‘Plan platform locations’
skill, while other skills are used to perform a physical action, such as ‘Grasp Object’ skill.
A list of low-level skills is explained as follows,

e Move joint goal: This skill implements a collision-free movement of the robot from
its current joint configuration to the desired goal configuration. We use ‘Mowveit’ to
manage the internal planning environment and RRT-connect to plan trajectories in

joint configuration space.

e Move cartesian goal: This skill is used when a linear movement of the gripper is

required, such as approaching a pre-touch configuration, lift up an object, etc.

e Control gripper: This skill is used to control the desired gripper configurations when
the robot grasps a part or release a part.

e Plan IK: This skill is used to solve an inverse kinematic query.

e Detach object: This skill is used after the object is released from the gripper. It
gives a signal to the internal motion planner that the object is not required to be

considered as a part of the gripper.

e Merge assembly parts: This skill is used when a part is inserted into another part.
After an insert operation, the collision models of two separated parts are treated as

a whole in the planning environment.

e Remove part: This skill is used to remove the collision model of a part out of the

planning environment.

e Update object: This skill is used when the pose of a part is reconfigured. This skill
updates the pose of the part.

Among all the skills we proposed, three of them have a hierarchical structure, which means
they depend on other low-level skills to realize its functionality. In the following, we will
elaborate the following hierarchical skills ‘Plan platform locations’, ‘Move and locate” and
‘Grasp object’.

e Plan platform locations
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3 A Skill Framework for Assembly Tasks Using Mobile Manipulator

This skill addresses one of the aforementioned challenge: Optimal placing of a mobile
manipulator. For the high-level assembly skills we have proposed, it is required to plan
two platform locations, one for picking an assembly part and the other for placing or
inserting the part. Ideally, the distance between them should be as close as possible,
so that the distance that a robot traverses can be kept in minimal. Additionally, two
constraints should be satisfied at the planned locations. First, joint configurations of an
arm must stay away from the singularity. This condition guarantees that a valid linear
approach motion for grasping or insertion exists. Second, the part must lie inside the field
of view of the robot’s camera in each planned location. This constraint allows the robot

to locate the pose of assembly parts before it performs a grasping or an insertion action.

Let’s specify p; as the gripper pose for picking an assembly part, p, as the gripper pose
for either placing or inserting the assembly part. ps is the position of an assembly part
to be picked, while p, is the insert position of a target object. The problem of planning
platform locations can be formulated as follows. Given py, ps, p3, p4, the objective is to find
the configurations of joints ¢; that planned for the pick location and ¢, that planned for
the place or the insert location, that

minimizes |h(cy) — h(cy)]

subject to g9(cy) = p1,
9(22) = D2, (3 1)

Proj{ps, ¢ w,

where h(e) computes the virtual joint position of a platform. The cost function to be min-
imized is the distance between platform positions. g(e) calculates the forward kinematics
of a given joint configuration. The equality constraints require that ¢, and ¢, are the in-
verse kinematic solution of p; and py. The first two inequality constraint calculate a back
projection from 3D points in the world to 2D points in the image. The 3D point here is
the position of an assembly part. w is the pixel width and height of a camera image. This
constraint requires that the assembly part should lie in the field of view of the camera.
In a head mounted camera setting, these constraints are mandatory, because the assem-
bly parts have to be located in the configurations before the robot performs the actual
grasping and insertion action. In the case that the camera is fix mounted to the gripper
(eye-in-hand setting), these constraints are optional, because the robot can additionally
move the arm to satisfy the constraints for perception and then perform the actual grasping
or insertion. The third inequality constraint calculates the manipulability. It guarantees
the robot can perform a linear motion to approach grasp pose or insert pose. manip(e) is

a function which computes the distance from a given arm joint configuration to a singular
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3.6 Low-level skills

configuration. According to [I33], the measure of manipulability can be calculated by

manip(e) = /det(JJT), (3.2)

where J is the Jacobian matrix of a given arm configuration.

According to Equ. [3.1] we formulate a non-linear non-convex constraint optimization
problem. The dimension of the solution space is equal to 20. It is not trivial to solve this
problem exactly. We propose to solve this problem as follows. First, we draw valid samples
from the solution space, which must satisfy all the constraints. Second, we compute the
cost of each sample and choose the sample which has the minimal cost as the solution.
Algorithm. [2| gives details of the method. One challenge is how to draw samples efficiently
since the unit time used to draw a valid sample affects the total computational time of
the algorithm. In line 2 and line 6 of the algorithm [2| we use ‘ComputelK’ function to
generate the samples. The function is an inverse kinematic (IK) solver which computes
the whole body joint configurations given an input pose. The output of the function
automatically satisfies the first two equality constraints. Furthermore, since the robot has
10 DokF, it is possible to meet the additional inequality constraints with its redundancy.
The technique we used to exploit the redundancy in the IK solver is called null space
optimization ([81],[97]). Here each inequality constraints is defined as a cost function of
joint positions. For the first two inequality constraints, the cost can be defined by the
quadratic distance of a given point p3 or ps to the optical axis of the camera. The sum of
negative gradient of the cost functions determines the direction to minimize the total cost.
The IK solver works in an iterative fashion. The solver begins with an initial estimate. In
each iteration, an error e is computed between the input pose and the pose computed by
the initial estimate. The initial estimate q... 1s then updated by

q

Zinit

C G T TG, (3.3)
until the pose error e is smaller than a threshold. Here q, and q, are computed by

q, = Jte (3.4)

and
q = (IL—J"J), (3.5)

where J* = JT (MT)_1 and [ is a unit matrix. § is the sum of negative gradient of the cost
functions. If the output of ‘ComputelK’ is verified by collision checking, the result is then
considered as a valid sample. Since this is an iterative method to solve inverse kinematic,
the convergence of the algorithm depends on the initial estimate - An initial estimate
that is far from the solution influences speed and convergence of the algorithm. We propose
to use an IK database to accelerate the algorithm. As soon as a valid solution is computed,
we save it into the database. To compute the IK for a new pose, we randomly select a
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3 A Skill Framework for Assembly Tasks Using Mobile Manipulator

solution from the database to initiate the algorithm. This method increases the probability
of finding a solution, while reduces the total time of planning.

Algorithm 2 Plan platform locations

1: Input: P1, D2, P3; P41

2: ¢f = computelK(pq, p3)
3: hy =c[1: 3]

4: cost* = 10°

5: for 7 from 1 ton do
6: ¢y = computelK(ps, p4)
7. hy=cy[1:3]

8:  cost = |hy — hyl

9: if cost < cost* then
10: Ch = Cy

11: cost™ = cost

12:  end if

13: end for

14: return cj,c;

e Move and locate

This low-level skill is designed for locating a target object by a hand-mounted camera prior
to grasping or insertion. The state transition diagram of the skill is shown in Fig. [3.14]
The skill begins with the ‘Get initial location’ state, in which the initial pose of the target
assembly part is determined. Based on the initial pose, ‘Plan camera pose’ generates a
camera viewing pose relative to the part. Then the robot uses ‘Move joint goal” skill to
move its arm and platform jointly to the viewing pose. If the viewing pose is not reachable
by the skill, ‘Plan camera pose’ generates another viewing pose until the execution of ‘Move
joint goal’ is successful. Since the virtual joint position of the platform is already planned
by ‘Plan platform locations’, ‘Move joint goal’ guarantees after locating the assembly part,
the robot can reach the grasp or insertion configuration. Finally, a ‘Locate object’ is
conducted to refine the pose of assembly part.

e Grasp object

‘Grasp object’ is another hierarchical skill which is designed for picking up an assembly
part. Similar to the previous low-level skills, it contains additional low-level skills to build
up the internal logic. Fig. illustrates the transition diagram of this skill. The state
machine starts with the ‘Verify Object’ state, which checks whether the target assembly
part is contained in the motion planning environment. If the verification succeeds, the
state machine transits to the ‘Locate Object’ state, which is a ‘Move and locate’” skill.
Since the object pose is relocated by this skill, ‘Compute pick condition’ calculates again
the inverse kinematic for the robot to reach the pre-grasp pose. This pose is defined 10 cm
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Get initial location

ceeded

Move to observe

failed

failed

Locate object

succeeded

Fig. 3.14: The state transition diagram of ‘Move and locate’ skill.

back from the final grasping pose. If the inverse kinematic solution exists, the robot opens
its gripper to the pre-grasp posture by ‘Control gripper pre-grasp’ state. The next skill
to be executed is ‘Move joint goal’, in which the robot moves its arm to the IK solution
computed for the pre-grasp pose. After the robot reaches the pre-grasp pose, the state
machine transits to ‘Grasp Strategy’ state, which is a skill that evolves moving linearly
towards the final grasp pose, then closing the gripper to reach force closure. The last state
‘Lift object’ is a ‘Move cartesian goal’ skill, in which the robot lifts the object from the

working surface.
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Fig. 3.15: The state transition diagram of ‘Grasp object’ skill.



3.7 Grasp planing under task constraints

3.7 Grasp planing under task constraints

In the real-world, grasping is normally associated with a purpose. This purpose includes
object transportation, using an object as a tool, assemble an object, hand-over an object,
etc. The purpose defines how the object must be grasped to perform a given task. After
successfully grasping an object, the gripper blocks a certain face of the object. It must be
guaranteed that the blocked face of the object is not task-relevant. We use a set of planes
to represent these task-relevant faces to model the task constraints. These planes restrict
the approach direction of the gripper and encode task-relevant information.

In the low-level skill ‘Grasp Object,” the robot need to find a suitable grasp configuration
to execute a pickup task while without colliding with the environment. The selected grasp
configuration has to fulfill the conditions which the object can be placed or inserted in the
correct direction since the object model is known before the task. One can plan a set of
possible stable grasp configurations for the object model using, e.g. a model based grasp
planner [132]. The problem can then be defined as follows. Given a set of stable grasp
configurations, find the best setup which is suitable for the task.

One naive approach to this problem is to check each possible grasp configuration using
a brute force strategy. For each firm grasp in the set, the inverse kinematics (IK) of the
robot will be calculated both for the pickup and place task. The grasp configuration will
be selected if 1K solutions exist in both cases. However, for the most real-world object,
the number of available stable grasps is infinite. Because computing collision free 1K is
an expensive operation, this approach does not scale well with the number of firm grasps.
To reduce the number of computing inverse kinematics, one needs to use the implicit task
information which is already available. For a typical pick and place task, the orientation
of the object before picking and after placing are given. This information can be regarded
as a set of task constraint and is valuable for reducing the search space.

We propose to solve the problem in the following steps. First, we compute for each
grasp the probability of success given a set of task constraints. Then we sorted the grasp
configuration with respect to the probability value. At last, we evaluate the IK solution
from the grasp configuration with the highest probability and return the first one which
has IK solutions both for the pickup and for the place action.

3.7.1 Grasp and task parameterization

A grasp can be parameterized in different ways. One common parametrization is to use
6-D to represent the spatial relation of the gripper to the object and a vector to represent
the joint position for holding the object. However, this parameterization cannot generalize
across different grippers. Depending on the shape and DOF, the grasp configuration for
one gripper usually differs from another one despite grasping on the same points. To avoid
this restriction, we focus on the antipodal grasp and assume that complex grippers can
realize an antipodal grasp like a parallel gripper. Therefore, we can now use a tuple (p,,
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Nap, Nef) t0 represent a grasp, where p defines the 3-D position of the gripper, n,, defines
the approach direction of the gripper, and n.; gives the line of establishing the force.

In order to perform a task on an object, the robot should choose a grasping orientation,
in which the target surfaces are not covered by the gripper. Therefore the target surfaces
can be specified as a set of planes. The planes represent the task constraints of grasping.
We further categorize the planes into two types. One type represents the contact face prior
to grasping. The other type represents the surface relevant to the task after grasping. The
task constraints are defined as

T ={n,,n2---n}, (3.6)

where n; denotes the normal of i-th planes associated to the object and task.

3.7.2 Probabilistic model of satisfying task constraints

In this section, we derive the probabilistic model of grasp success with the help of the
following example. Fig. gives the case of two everyday grasp situations. The robot
must grasp the object placed on the table. In the first grasp situation, no task is explicitly
specified. The only constraint is the table plane. As shown in the Fig. the grasp
configurations shown in red are infeasible. The one is to grasp the object from the bottom
while the other is to gasp from the right side. In both cases, the grasping cannot be
performed because the gripper will collide with the table. One possible grasp configuration
is shown in green. In this configuration, the robot approaches the object from the top,
and the grasping force is established on the side. The second grasp situation (Fig.
is to grasp the object and place it on the table in the desired orientation. The face in
blue shows the desired contact face after pick and place. We also provide one bad grasp
configurations (red), which can not be used for executing the place operation. By contrast,

the grasp configuration in green can be used both by pick-up action and place action.

il = 0~

I I table plane table plane

—

(a) Case 1: no task is specified for grasping. (b) Case 2: the object must be placed in
The only constraint is the table plane. the desired orientation. The blue surface
specifies a task constraint which must be

considered during grasp planning.

Fig. 3.16: Two common grasp situations

From the observation above, the approaching and the closing direction of the gripper
are essential to the task-oriented grasping. The smaller the angle between the approaching
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direction and the normal of the table, the more unlikely the gripper will be in a collision.
The larger the angle between the closing direction and the normal of the table, the gripper
is more unlikely in a collision. By considering the mentioned two factors, we propose the
following mixture model to calculate the probability of task satisfaction P(C' = 1|u,t).

np

P(C = 1ju,t) = niZ(wyPl—l—wQ-Pg), (3.7)

P =1

where n, denotes the number of planes to be considered. P, and P, denote the probability
of success by considering the approaching and closing direction individually. w; and w, are
the weighting factors which satisfies the following equation,

W1 + Wy = 1 (38)

The value P is further given by

4 2
Pi=—-62,

. (3.9)

0. 0,
ye0.]

0., is the angle between the normal of the plane n; and the gripper closing direction n..
P; is given by
1
P=—- (* = 62,), bap € (0,7), (3.10)

where 0, is the angle between the normal of the plane n; and the approaching vector ng,.

3.7.3 Model verification

In this section, we use the aforementioned scenario, grasping the cube from the table, to
verify the proposed model. The verification is conducted in the following steps. First,
we generate a set of grasps which already fulfilled the force closure condition. Then, we
specify the task constraints which are given by a set of planes. Finally, we evaluate the
grasps with the proposed model.

Because cubes have parallel planes, we can simply generate valid grasp configurations
by rotating an initial parallel grasp around the major axis of the cube. This can be done
for all three major axes of the cube. The generated grasps are visualized in Fig.[3.17 The
grasp configuration is visualized by a red arrow showing the approaching direction and a
green line representing the closing direction.

The proposed model is verified by four grasping scenarios which have different configu-
rations of task constraint. Fig. depicts the first grasp scenario, where only one plane
is considered. The probability of satisfying task constraints is computed and shown at each
individual grasps. The best grasp is marked with a blue circle. In Fig. the probabil-
ity of satisfying task constraints for each grasp is plotted against the rotation angle around
major axes. The grasp receives the highest probability value by rotating 1.57 rad about the
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Fig. 3.17: Grasps generated for verifying the proposed model

x-axis and by rotating 0 rad about the y-axis. The two maxima represent the grasps which
approach the cube from the top. In the second case, two planes which are perpendicular
to each other, are configured as task constraints. In this case, the grasps approaching
the object around 45 degrees receive the highest probability values. Fig. depicts the
distribution of probability if two parallel planes are specified as task constraints. The best
grasps calculated by the proposed model are the two grasps which approaching the cube
either from the left or from the right. In Fig. [3.18d] an additional plane is added based
on the previous setting. The best configuration, in this case, is approaching to grasp from
the top because other directions are much more probable to cause a collision than the top
grasp. The complete probability of satisfying task constraints for each grasp around each

axes are given by Fig. [3.19|

46



3.7 Grasp planing under task constraints

a9a(1-490)0 gos
o.sgzogs%CD F 0.592
0.981 0,81
0.9§7 0,967
0943 Q948
0.525 0.925
o 898
o og67
0,881 o1
072 092
o.fls 0joo 0us
(a) Case 1
0.850
0§73 072 o0z
0906
0ay7 0.917
0923 0923
) —/
- 8423
0917
0,906 o068
0982 ooz
0g3 g_ggo odrs
(c) Case 3

048 0962 0.973
089 ¥ % 0.979
0-%6

0.881
#
o oghs 0d12 0us R

(b) Case 2

0,g€8 690.?48

0.942 0.942

0431 s / 0931
0.7 0,917

0898 Q298

0.845

0884
0,883
0,881

0975 s
0ghs 0.ds0 0.des ¥

0'g81

(d) Case 3

Fig. 3.18: Grasping cube problem with different task contexts.
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3.8 Sensing and actuation coordination

3.7.4 Grasp realization

In order to realize the antipodal grasp on the real robot. Three grasp configurations must
be defined based on the grasp planning result. They are the pre-touch, the grasp and
the release configuration. A grasp configuration is defined by a tuple {g,, A, g:}, where g,
denotes a 6-D pose that represents the relative transformation between the gripper and
the object. A is a vector which controls gripper postures. ¢; defines which grasp type is
used. For the gripper we use in the experiment, we can either use a 3-finger cylindrical
grasp or a 2-finger parallel grasp to pick up the object. Fig.[3.20]illustrates some examples
of grasps realized for the assembly part.

Fig. 3.20: Grasp realization on the SCHUNK-SDH gripper.

3.8 Sensing and actuation coordination

A robotic arm mounted at a fixed location has a limited working space. The working
space can be extended by mounting the arm on a mobile platform. Such construction
makes more flexible for robots to perform manipulation tasks. However, flexibility also
brings challenges in mobile manipulation. In this section, we elaborate two challenges
associated with a mobile manipulator in detail. The first one is hand-eye coordination:
where to place the mobile platform optimally so that the working space are both reachable
by the gripper, and also visible to the sensor of the robot. The second one is arm-base
coordination: how to exploit the motion of mobile platform to perform tasks in narrow
working space. To face the challenges, we propose to create a model which combines DOF
of a mobile platform and an arm systematically.

An omnidirectional mobile platform has typically three degrees of freedom (DoF). We
model the three DoF as three virtual joints. Two of them are translational joints and the
other one is a rotational joint. The three virtual joints are then organized in a serial kine-
matic chain structure. The sequence of the joint in the structure can be defined arbitrary.
We determine the order of virtual joints in the following sequence. The translational joint
in the x direction is defined as the first joint beginning from the root of the kinematic
chain, followed by the translational joint in the y direction. The rotational joint is defined
as the third joint from the root of the chain. Fig.[3.21]illustrates the modeling of the virtual
joints. Organizing the virtual joints in this order has an advantage that the positions of
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the virtual joints are equal to the odometry measurement. Let g, = [z, gy, qg]T be the
virtual joints, Zodom, Yodom, @odom b€ the odometry measurement provided by the mobile
platform. The positions of the joints are given by,

4z Zodom
q_m = 4y - Yodom ) (311)
qo eodom

One may also define the rotational joint as the first joint from the kinematic root followed
by the translational joints. However, such a definition has some drawbacks. First, further
calculation are required to obtain the positions of the virtual joints. Second, the position
of translational virtual joints is coupled with the rotational joint, which means a small
change in orientation of the mobile platform may cause a large change of translational

joints. Such a definition may result in instability of controlling the mobile platform.

O ay
< =0

o
A

4z

B

Fig. 3.21: The virtual joints defined for a mobile platform.

To control the real motion of the mobile platform, the desired motion of virtual joints
has to be converted to the velocity commands of the platform. Let v, = [v,, vy, v,]" be the
translational velocity commands and rotational velocity commands of the mobile platform,
the conversion of the desired virtual joint velocity g, to the velocity command of the mobile
platform is given by

o\ [ cosar-d.+sing g, I
Ve=|vy | = | —singg-qG. +cosqp-g, | = — 0 |- Gm, (3.12)
Ve Hodom 0 0 1

where Ry is a rotation matrix around the z axis. The desired virtual joint velocity ¢, is
usually the output of a motion generation module.
So far we have defined the virtual kinematic chain for the mobile platform. To enable

arm platform coordinated motion, we define another virtual kinematic structure which
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joins the kinematic chain of the arm to that of the platform. The configuration space
(c-space) of the arm is extended by additional three DoF of the platform. The creation of
the virtual kinematic structures opens a new dimension for mobile manipulation tasks in

the following three domains.

Combined inverse kinematic Combined inverse kinematic tackles the first challenge in
mobile manipulation, i.e. where to place the robot optimally. The problem of solving
combined inverse kinematic is formulated as follows. Given a 6-D pose relative to a fixed
coordinate system, what are the joint configurations should a mobile manipulator take to
reach the pose by its end-effector. The solution to this problem include the positions of
the arm as well as the positions of the virtual joints of the platform. The positions of the
defined virtual joints indicate the placement of the robot. As we will show later, solving
combined inverse kinematic is a quite frequent action in assembly tasks.

Integrated motion planning Integrated motion planning tackles the second aforemen-
tioned challenge. The new defined kinematic structures can be seamlessly integrated into
a motion planner. Each kinematic chain defines its own subset of the joint space in which
motions are generated. A motion planner can plan platform-only motion, arm-only motion
or arm-platform-combined motion according to a planning request. For the robots working
in narrow spaces, planning arm-platform-combined motion allows the robot to exploit the
mobile platform to reach the narrow space.

Switchable task space control Task space control controls the end-effector to follow a
defined trajectory in Cartesian space. Similar to the motion planning, the proposed concept
can be used to switch between arm-only or combined motion according to the requirement.
For example, task space control based on arm alone can be applied in the grasp motion
phase, in which the motion uncertainty of the platform does not have influence. Task
space control based on combined-motion can be applied in the pre-grasp phase to execute

pre-grasp manipulation strategies such as pushing an object into the desired region.

3.9 Experiments

3.9.1 Evaluation of the skill framework

In order to evaluate the proposed approach for assembly tasks quantitatively, we conduct

three experiments to study
e whether arm-platform coordination performs better than the traditional approach,
e the influence of initial object pose on the overall performance,

e the influence of different assembly sequence on the overall performance.
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In the first experiment we aim to compare the assembly performance between arm-platform
coordination and a traditional approach. For arm-platform coordination, the motion of
arm and platform is planned jointly, while for the traditional approach, the motion of arm
and platform is planned in sequence. We measure the performance of an assembly task
by accumulating the duration of all the trajectories. We use the same initial configuration
of the robot and assembly parts. We also keep the same parametrization of the assembly
sequence in the experiment given by Fig. [3.23] The assembly task is repeated 10 times for
both methods to obtain a statistic result. In Fig. |3.22] we use a box plot to illustrate the
result. The median of total time is 85 s for arm-platform coordination and 108 s for the

traditional approach. The performance of using arm-platform coordination is improved by
21 %.
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Fig. 3.22: The total time used in an assembly task by two methods. Planning arm-platform
coordinated motion reduces the total time of assembly by 21%.

In the second experiment we study whether the initial placement of objects may influence
the assembly performance. For this purpose, we select three test scenarios where the initial
object poses are different from each other(see Fig. [3.24). The same parametrization of
assembly sequence is used for each test scenario. The assembly task is repeated for 10
times as we did in the first experiment. Besides the total time used for accomplishing the
task, we also record the total platform traverse in translation and rotation. Fig.
depicts the total time used in each initial configurations respectively. Only several seconds
deviation can be observed from the median of each box plots, which indicates the average
time used in an assembly task does not depend on the initial configurations. The width
of each box also only deviates from several seconds, which infers the variation of the total
time is also tiny. Therefore, we can conclude that the initial configurations of the assembly

parts only has minimal influence on the total time of an assembly task. Fig.[3.24bland[3.24d|

show the total traverse of the robot in translation and rotation respectively. The robot
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Step Skill Parameters Subproduct
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Fig. 3.23: Assembly sequence parameterization for experiment I., Il. & I1l.1
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traverses about 1 meter more, while about 1 radian less, in initial configuration 1 than in
configuration 3. In configuration 2, there is an outlier that indicates the robot traverses
more than 7 meters in total to finish the assembly task. Further outliers can also be
observed in total rotational traverse both in configuration 1 and configuration 3. These
outliers reflect the nature of sampling-based motion planner such as the RRT-Connect that
we use in the experiment. The planner may encounter difficulty in high dimensional state
space and produces sub-optimal longer trajectories. By comparing the plots, there is no
evidence to indicate a clear correlation between the platform traverse distance and the total
time the robot uses to finish the assembly task. The reason lies in that the length of the
trajectory not only depends on the platform traverse distance but also on the arm traverse
distance. The joint of the arm may require frequently accelerate and slow down to avoid
the obstacles in the configuration space. In these cases, it may happen that although the
traverse distance is short, the time of arm trajectory is still long. In summary, the result
of this experiment shows under the condition that the parametrization of the assembly
sequences are equal as well as the objects are placed within a limited region, the overall
assembly performance does not depend on the initial configurations of the assembly parts.
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(a) Initial configuration 1 (b) Initial configuration 2 (c) Initial configuration 3

Fig. 3.24: Performance evaluation in terms of different initial configurations

In the third experiment we aim to study the assembly performance with respect to
different parameterization of an assembly sequence. For this purpose, we choose three
different assembly sequences for the experiment. The sequence parameterizations are de-
picted in Fig. [3.26] The total time and the platform traverse of an assembly task are
evaluated. The same configuration depicted in Fig. [3.24a]is chosen for comparing individ-
ual assembly sequences. As same as in experiment II, we repeat the experiments for each
assembly parameterization for ten times and present the results using box plots. Among
the three sequence parameterizations, only five steps are required to assemble the product
using sequence 2, while six steps are needed using other two sequences. Therefore, the
total time and the platform traverse is expected to be less using the sequence 2 than using
the other two sequences. The result depicted in Fig. [3.26| verifies the expectation. Both
sequence 1 and sequence 3 have six assembly steps. The median time using sequence 3
is less than using sequence 1, while the traverse distance in he translation of sequence 3
is more than sequence 1. This result again indicates that the time and the traverse dis-
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tance are not positive correlated as one may expect. Comparing the width of each box
plot, the deviation of the measurements is nearly equal, which indicates the sequence have
little influence on the variation of the assembly task. In summary, this experiment shows
that there is no large difference of choosing which assembly sequence to use as long as the
number of steps is same. This result has some practical advantages. In reality, one may
prefer one assembly sequence than another when considering other possible reasons. As
soon as the number of assembly steps is not increased dramatically, the total time used to
conduct an assembly task does not increase a lot.
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Fig. 3.26: Performance evaluation in terms of different assembly sequence parameterization.
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Validation on a real robot We validate the proposed skill framework on our real robot.
Fig. depicts a video sequence of our robot performing the assembly tasks. The as-
sembly sequence is identical to the one shown in Fig. [3.23] The initial place orientation of
the assembly parts are similar to Fig. [3.26al Fig.[3.28a]to Fig. show the execution of
the first assembly step which uses the P.R skill. Fig. to Fig. show the second
assembly step, in which the robot pick the red part and insert to the box. From Fig.
to Fig. the robot reconfigures the assembled sub-product. Then the robot use the
P.I skill to insert both ‘button regulators’ to the top part of the ‘radio’ shown in Fig.

to Fig. [3.28u] In the last step, the robot insert the assembled sub-product together with
the P.I skill.

Fig. 3.28: Execution of the assembly task on a real robot. The parametrization of the assembly
sequence corresponds to the one shown in Fig. [3.23,
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3.9.2 Reachability analysis

Analysis of the reachability of the whole mobile manipulator can help to reason about
when and how to use the mobile platform to perform manipulation tasks. In this section,
we exploit a tool, capability map, originally proposed in ([135],[134]) to analyze the reacha-
bility of a mobile manipulator. The capability map represents the reachability of a robotic
arm in a given working space. The generation of a capability map requires three basic
components: kinematic description of the robot, an inverse kinematic (IK) solver of the
robot and a simulation environment for collision checking. The algorithm for generating
the map include three steps. In the first step, a set of poses is calculated systematically
in the working space. To cover the entire working range of an arm, the workspace is
first discretized into a voxel grid with each voxel having the same size. In each voxel, an
inscribed sphere is defined. Then, the poses are generated evenly on the surface of the
inscribed sphere. Fig. depicts the inscribed spheres which we create for a robot. The
length of each voxel is 10 cm. Figf3.30] shows the poses generated on the surface of each
inscribed sphere with different density parameters. In the second step, the IK solver is
used to compute a solution and check the validity of the solution for all the poses. The
number of the poses which have an inverse kinematic solution is recorded. This is the most
time consuming step of the entire generation process. In the last step, a reachability index
is computed for each voxel by

Number of poses pass 1K

Reachability index = (3.13)

Total number of poses

Fig. 3.29: A 2 m by 2 m by 2.6 m working space is discretized to voxels with the length of
each voxel equaling 10 cm.
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Fig. 3.30: Poses generated in different density on the surface of an inscribed sphere. From
left to right: sparse to dense

The algorithm that we use for generating the capability map is implemented in the
‘OPENRAVE’ simulator [22]. The ‘IK-FAST’ inverse kinematic solver is chosen to compute
whether a solution exists or not. An extension to the original method is that additional
environment models are included in the simulator so that a collision checker provided
from the simulator can be used to rule out the IK solutions which contain self-collisions
or collisions with the environment. Fig. depicts the capability map at the height of
0.75 m. We parametrize 200 poses to be generated on each inscribed sphere. The total
time for generating the map is about 30 minutes. The maximal reachability index of the
arm is about 85 %. Fig. and Fig. illustrate a side-view and a top-view of the
capability map respectively. The region occupied by the magenta spheres are the optimal
place which grasp or manipulation tasks should be conducted because in these locations

the arm has the largest reachability index.

3.9.3 Benchmarking manipulation scenarios

In the previous section we introduce the capability map and use this tool to inspect the
reachability of a mobile manipulator. In this section, we analyze two manipulation scenar-
ios and benchmarking the success rate of motion planning by different motion planners.

Optimal placing of a mobile manipulator

The first scenario we consider is manipulation on table-tops. In this scenario, a robot
grasps, places and manipulates objects above a table-top. We include a box to represent
the collision model of a table and put a robot in front of it. Two capability maps are
generated by placing the robot at two different distance. Fig. depicts the results. The
number of magenta spheres above the table in Fig. is more than in Fig. The
figures indicate that the closer we place the robot to the table, the more region the robot
can reach. This phenomenon follows the intuition. However, if we consider the field of
view of the sensor which is mounted on the head of the robot simultaneously, placing a
robot as close as possible to the table is not the optimal solution. In this case, the object
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Reachability
index

0 %

Fig. 3.31: Visualization of a capability map at the height of 0.75 m. The magenta spheres
indicate the region where the arm has the largest manipulability.

(a) A cross section visualization in XZ plane (b) A cross section visualization in XY plane
viewing from the side of the robot. viewing from the top of the robot.

Fig. 3.32: A cross-section visualization of the capability map from two perspectives.
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3 A Skill Framework for Assembly Tasks Using Mobile Manipulator

to be grasped (marked in red) may lie outside the field of view of the sensor, so that the
robot can not locate the object before the grasping. Another problem exists in the opposite
situation as depicted in Fig. [3.33b] The robot is placed farther to the table comparing
to the location in Fig. [3.33a] The region above the table can be covered by the complete
field of view of the sensor which indicates the robot can locate the object at this distance.
However, the arm of the robot can not reach the table as shown from the capability map.
Although we demonstrate the problem with a fixed head-mounted camera, the problem
also exists for an eye-in-hand configuration (sensor attached to the end effector). The
capability map, which combines a given environment model in computation, reveals the
first challenge we want to address in the mobile manipulation: where to place the robot

so that the grasping and manipulation tasks can be performed.

Table Table

~u
8

;"“ y

-

(a) The object lies outside the FOV  (b) The object is not reachable from the arm
of the sensor, when placing the when placing the robot too far to the ta-
robot too close to the table. ble.

Fig. 3.33: Captability maps generated for two configurations of the robot

Planning motion in limited working space

The second challenge for the mobile manipulation is how to grasp the objects in narrow
working space. We select picking from a shelf as an example scenario to demonstrate the
challenge, since this task is a typical scenario in human environments. We configure the
simulation by placing the robot in front of a shelf model. The capability map is generated
for the entire working space inside the shelf model. A cross section visualization of the
capability map in this environment is given in Fig. |3.34, The maximal reachability index
of this environment is only about 20%. This not only means the number of reachable poses
inside the shelf is very low, but also indicates that the valid configuration space, in which
the arm does not collide with the shelf, is very limited. Although the arm can reach inside
the shelf, it may be difficult for a motion planner to plan a collision-free path to reach
the inside of the shelf. To verify this problem, we construct a motion planning scenario
in ‘Movelt’ [126] and benchmark the success rate of motion planning in this environment.
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We use one start configuration and four goal settings to conduct the benchmarking (see
Fig. |3.35)). Three motion planners are used for comparison. They are RRT-connect [74],
Probabilistic Roadmap Method (PRM) [62] and Expansive Space Trees (EST) [108]. For
each configuration, 10 planning queries are conducted for each planner. Table.[3.1]gives the
success rate for each configuration/planners. The overall success rate of motion planning
in this limited working space is only 26 % in spite of all the configurations are reachable
by the arm. The result of the benchmarking explain the utility of the arm alone is not the
solution for mobile manipulators to work in a limited environment. The mobility of the
robot has to be considered with the arm together to overcome the problem. The challenge
remains how to exploit and combine the mobility to allow a robot still be able to work in
such narrow environments.

Fig. 3.34: Capability map generated for picking-from-shelf scenario.
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(b) Goal configurations

Fig. 3.35: Start and goal configurations for benchmarking the motion planners in a limited
working space.

Arm-Base coordination vs. none coordination

In previous section [3.9.3] we discuss the challenge of planning in narrow space for mobile
manipulation. A benchmark, grasping from a shelf, is used to demonstrate the difficulty
of the challenge. In the previous benchmark, motion planning is only planned for the
arm. In this section, we run the same benchmark problem again by choosing the joints of
the arm and the platform altogether. Based on the proposed virtual kinematic chain, the
planner is able to handle planning 10 DoF simultaneously. Fig. illustrates one of the
motions planned by RRT-Connect. To reach the inside of the shelf, the platform moves
back to leave more free space, while the arm reconfigures in the free space and finally
approaches the goal. This kind of coordinated motion helps the robot to move to the goal
even in narrow free space. Tab. shows the benchmarking result by using the proposed
arm-platform coordinated motion. Comparing with the result that we obtain from the
previous benchmark only using arm motion, a significant improvement is achieved by all
the planners. The average success rate of the planners increases to 83 % comparing to
26 % in the earlier case. The reason for such improvement is the additional three DoF of
the platform creates a lot of free configuration space so that it is easier for a planner to

generate motion in more free space.
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Tab. 3.1:

Tab. 3.2:

7
(a) Start and goal configuration. (b) An arm-platform coordinated
trajectory planned by RRT-
Connect.

Fig. 3.36: An example planning result using arm-platform coordination

Planner goal 1 goal 2 goal 3 goal 4 | Average
RRT-Connect 40%  100% 40% 10% 47%
PRM* 10% 60% 0% 10% 20%
EST 10% 40% 0% 0% 12%
Overall 26%

Planning success rate of three state-of-the-art motion planners in terms of 4 different
goal configurations. 10 planning queries are conducted for each goal configuration
to compute the statistic. In summary, 120 planning queries are conducted for the
given scenario, only 26% overall success rate is achieved by the planners.

Planner goal 1 goal 2 goal 3 goal 4 | Average
RRT-Connect 100% 100%  90%  80% 92%
PRM* 100%  100% 90% 60% 7%
EST 60%  100% 60% 50% 70%
Overall 83%

Arm-platform combined planning success rate of three state-of-the-art motion plan-
ners in terms of 4 different goal configurations. 10 planning queries are conducted
for each goal configuration to compute the statistic. Comparing with the 26 % suc-
cess rate of arm-only motion in Tab. [3.1] arm-platform combined planning achieves
83% overall success rate, which is a significant improvement.
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3.10 Summary

In this chapter, we solve the problem of grasp selection of known object under task con-
straints with sufficient sensing accuracy. The assembly problem is selected as a use case
to demonstrate the method. We aim to use a mobile manipulator to tackle the problem
because of the flexibility it can offer. For this purpose, we propose a skill-based framework
which follows a new design principle. The skills defined in our work not only encapsulate
the low-level action primitives such as object localization, control of actuators, but also
allows the skills to be executed independently to each other. In this way, the skills itself
and the sequence of executing the skills can be parametrized very intuitively.

To apply the framework with mobile manipulators, we have to address two additional
challenges. The first one is ‘Optimal placement of the mobile platform’ and the second one
is ‘Motion planning in limited spaces.” We propose to tackle these challenges by modeling
the movement of mobile platform using virtual joints. Thus, we can handle the motion of
the arm and motion of the platform in a coordinated fashion. In this way, two challenges
are handled simultaneously in a unified method. Based on this technique, methods such
as whole body combined inverse kinematic, coordinated motion planning and switchable
task space control can be built on top of it. These methods are embedded in the skills

defined in our framework.

One problem that we also address in our framework is grasping under task constraint.
Both high-level skills demonstrated in this chapter require a grasping action. The grasp
configuration must satisfy the task intention defined in the skill. We propose a sampling
based method to select the most suitable configuration to execute that grasp. The method
draws many samples both for the grasp configuration and for the configuration intended
for that task. This is done by using the aforementioned whole body inverse kinematic
technique. The method considers both the grasp action and the task action (place/insert)
to select the most suitable configuration for executing the skill. The grasp configuration
calculated by this method not only satisfy task constraints but also reduces the total time
of skill execution. Therefore, only by putting the problem of grasping under constraint in
a concrete assembly scenario, additional perspective such as task execution efficiency can

be considered.

In principle, we demonstrate how the problem of grasping under task constraint are
solved in a challenging setting: Assembly using a mobile manipulator. The method we
proposed here shows an overall package which can be used for the assembly task which
requires flexibility. Although we only show the result with a toy example with our robot,
the proposed methods are generic and can be applied to any mobile manipulators. To
transfer the grasp selection method for other tasks, we need to parameterize the task
constraints of the object for a specific task. To transfer the skill library for other mobile
manipulators or a different gripper, low-level skills such as ‘Control gripper’, ‘Plan motion’,
‘Locate Object’ must be configured and adapted. It is also quite straightforward to extend
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the capability of the framework by adding additional skills such as ‘screw’,‘bayonet mount’,
etc. for other assembly tasks which require these skills.
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4 A Probabilistic Approach to Grasp Synthesis

Humans can grasp a wide variety of objects which differ in the shape, color, mass, etc.
They can also well handle unknown objects which are presented to them for the first time.
In order to have a general purpose robot which can help people in the unstructured human
environment, grasping unfamiliar items is a must-have skill. In this chapter, we consider
this aspect of the grasping problem and provide methods on how this problem can be
solved.

4.1 Introduction

Robotic grasping is a quite old problem which has been studied over several decades.
Although the speed and resource of computers increased dramatically, the grasping ca-
pabilities of robots are still far behind these of the human. These capabilities, which
are essential for the grasping tasks, include cognitive level, the ability of abstraction and
manipulation experience. In the recent year, with the emergence of low-cost sensors, high-
speed graphical card, some progress has been made from theoretical grasp quality analysis
to real grasping problems. Solving the problem of unknown object grasping becomes one
of the frequently addressed problems in the research community because it is one of the
necessary steps for robots toward human-level intelligence of manipulation [87].

In order to solve grasping unknown objects, the robot has to face some challenges. One
challenge lies in the wide variety of objects existing in the world. Objects are often different
in their appearance, shape, geometry, dynamics, etc. To model them individually is not a
solution. How a robot can handle this variety is hard. On the other hand, robots also have
a limited sensing capability. A measurement of a sensor is never perfect. For example,
the sensor data from a RGB-D camera contains not only errors caused by pixel noise but
also errors caused by reflective or transparent object surface. To manage the uncertainty
of sensing is another challenge.

With the emergence of low-cost RGB-D cameras, methods which address this problem
shift from the traditional way of analyzing grasp stability to a data-driven / sensor-guided
fashion. RGB-D cameras such as Microsoft Kinect, Intel Real Sense are often used for
training object model or for grasps detection, because they provide rich sensor information
about both the appearance and the geometry of an object. Previous works which address
the problem in this new direction can be categorized into two classes. The methods in the
first class typically use a learning based methods ([73],[127],[125]). These methods infer
the grasp configuration directly from the sensor data. Supervised learning is used to build
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a model for grasp evaluation. A large training set is normally required to build the grasp
evaluation model. Good training examples can be labeled either by human intuition,
running grasp experiment in a simulator[90] or with real robots[78]. The methods in
another class use a shape based approach ([92],[110],[41]), they first infer the shape of
objects from the sensor data. Then, the grasp configurations are searched based on the
shape estimate. Our method can be categorized into the second class, as we believe the
form of an object provides the most clues on whether a grasp configuration may succeed
or not.

We propose a probabilistic approach to address the grasp synthesis problem. Our ap-
proach contains two building blocks for finding a good grasp configuration. In the first
building block, we solve the problem of evaluation of a given grasp. To do this, we need
a model to represent the shape of an object and a model of evaluating a grasp. As we
have suggested that shape contains the most information for grasping, it is most suitable
to represent an object by its shape. For this purpose, we propose an object model called
probabilistic signed distance function (p-SDF) to represent unknown object surface. p-
SDF models measurement uncertainty explicitly and allows measurement from multiple
sensors to be fused in real time. To evaluate a given grasp configuration, we propose four
rules to perform the calculation. Each heuristics models one aspect which can influence
force closure. The heuristics are combined in a weighted fashion to obtain the probability
of force closure .

In the second building block, we address the problem of finding the optimal grasp
by searching the configuration space. For this purpose, we propose a generic gripper
parametrization method which reduces the grasp configuration space. This is done by
first organizing the joints from the same gripper finger into a collective group, and using
a single parameter to control the movement of the joints belonging to the same finger.
In this way, the grasp configuration space can be searched more efficiently. Finally, a
two-stage method based on simulated annealing is proposed to find the optimal grasp
configuration. We validate the whole approach using real world challenging objects in
our experiment. The result shows that our method can handle a variety of objects in a

table-top environment.

4.2 Related work

Up to 2010, most previous works addressed this problem by assessing the grasp stability
with grasp quality metrics [33]. However, this approach is not scalable to the variety of
real world objects, as most grasp quality metrics assume an existing 3D object model.
Later, the emergence of low-cost RGB-D sensors such as Kinect opened a new opportunity
to study grasp synthesis in a data-driven fashion. Bohg et al. [7] took a comprehensive
survey on data-driven grasp synthesis. These approaches exploit 2-D vision [39], RGB-D [2]

or multi-modal information [6] to generate grasps for real world objects. In this section,
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we provide a review on methods of grasp synthesis, and focus on those which consider
the following two aspects, how to handle the uncertainty, and pros/cons of learning based

methods.

4.2.1 Methods considering pose uncertainty

Handling uncertainty is considered as one of the most difficult but highly relevant problems,
not only in grasping but also in many other fields of robotics. In ([40],[50],[142]), grasping is
modeled within a probabilistic framework to take variance in shape and pose into account.
The methods can choose the most robust grasp configuration in spite of uncertainties in
the perception and control. Pose and shape uncertainty are two common sources that
make grasping difficult. Pose uncertainty can be reduced by exploiting finger tip tactile
sensing [19][32][28], planning pre-grasp [27][11] or post-grasp [104] strategies. Some other
approaches ([I30],[66]) proposed new grasp quality metrics that evaluates a grasp with pose
uncertainty. Approaches considering pose uncertainty always assume an available object
model and a perceptual system which predicts the pose uncertainty.
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Fig. 4.1: (a) A grasp synthesis method proposed by [66]. They consider the pose uncertainty
by simulating object dynamics. (b) A method using pre-grasp manipulation to address
the pose uncertainty [27]. They propose a planning framework which allows a robot
to interact with objects by a library of actions such as push, slide or sweep operations.
The pose uncertainty is addressed by the funneling effect of pushing.

4.2.2 Methods considering shape uncertainty

By contrast, approaches considering shape uncertainty do not require to estimate the pose
of an object. Some methods simplify the problem to a two-dimensional planar setting. In
[16], Christopoulos et al. proposed how to handle shape and contact location uncertainty of
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a 2D object contour segmented from an image. Kehoe et al. [64] proposed an approach to
generate zero-slip push grasps based on object shape perturbations. For the methods which
explicitly consider shape uncertainty, the choice of object representation is a problem.
Gaussian process (GP)[112] is a powerful tool for modelling uncertainty. In [88], [80]
and [29], Gaussian process implicit surfaces (GPIS) [I31] are used to represent shape
uncertainty. Mahler et al. [88] exploited GP in two dimension points, whereas Li et al. [80]
used GP to represent 3-D objects. However, there are some remarkable drawbacks in GP-
based representation. The first drawback is the heuristic choice of training points. GPIS
is obtained by a given set of points which represent the object surface, the space outside
the object and the space inside the object. While surface points can be obtained from
sensor measurement, points inside and outside the object are chosen heuristically. The
shape uncertainty is dependent on this heuristics. The distance between two neighboring
points determines the shape uncertainty. The real measurement uncertainty of the sensors
can not be considered. The second drawback is related to computational complexity.
The complexity for training a GP is o(N?), where N is the number of points used for
estimating the shape. Thus, GPIS does not scale to a large number of points. To find a
trade-off between accuracy and computation complexity, these approaches filter out a large
proportion of points obtained from sensor data, thus reduce the accuracy of the shape. In
this work, we also use an implicit surface to represent objects, however, instead of using
GP to estimate shapes, we use our approach described in [24] to determine the object
shape. This method is an extension of [99] for modeling shape uncertainty. We use all
the measurement points and integrate them into a consistent model so that the resulting
object shape is as accurate as possible. Besides, we also model the error characteristics of
the sensors so that uncertainties expressed in the model explicitly reflect the characteristics
of the used sensors.

4.2.3 Methods using learning based approach

Several learning based methods are proposed to solve the problem. Learning can be con-
ducted either from human demonstration ([46],[30],[118]), from labeled database [77] or
from robot’s own experience ([109],[78]). There are two classes of methods to address this
problem. The first class is a feature-based approach. These approaches try to find specific
features such as shape features, multi-modal features from the input data. These features
are used to access the feasibility of a grasp. Eppner et al. [31] demonstrated one method
in which they tried to match the shape of objects to the grasp type. A similar idea is also
described in [54]. Herzog et al. [46] proposed to select grasps based on shape template
features. Jiang et el. [59] extracted a rectangular feature to detect grasp configuration. All
these approaches require some degree of discretization of the input data, which removes the
details of the surface information. For tasks which require precision grasp, these methods
are not suited.

Fischinger et al. ([34],[35]) proposed height accumulated features to handle the problem
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Fig. 4.2: (a) A method of representing object shape by Gaussian process implicit surface
(GPIS) [131]. (b) A method for grasp synthesis considering shape uncertainty in
3D. They use GPIS to represent shape uncertainty of objects. The points for
training the shape model is obtained from synthetic data [80]. (c) A method for
grasp synthesis considering shape uncertainty in 2D [88]. The points for training
the shape model is obtained from real sensor.

73



4 A Probabilistic Approach to Grasp Synthesis

(b)

Fig. 4.3: Learning based methods require a training set which include objects and associated
grasps examples. Different methods can be used to acquire the training set. (a)
Using human demonstration [46] (b) Execute random grasps with a single robot to
acquire positive and negative grasp examples. [109] (c) Using a robot farm to
acquire the training set. [78]

of grasping unknown objects in clutter in a table-top scenario. The process of finding a
grasp is illustrated in Fig. 1.4, An RGB-D sensor first captures the target scene. The
obtained point cloud is then discretized into a height grid. A set of features is extracted
from the height grid. The feature along with a candidate grasp is then classified using a
set of pre-designed features to determine if the candidate grasp is feasible or not. Multi-
ple candidates are tested and the method returns the grasp with the best score for final
execution. Later, we use this method as the baseline for comparison.

The second class of approaches exploits machine learning methods to transfer the ca-
pability of grasping known objects to unknown objects. It has been noticed recently, the
representational power of hand-crafted features is not always sufficient. It might be better
to let the system learn them itself. For this purpose, some researchers apply deep learning
to solve this problem. Lenz et al. [77] demonstrated how deep learning can find features
automatically from multi-modal information. Redmon et al. [I14] optimized the perfor-
mance of grasp detection by a convolutional neural network using the same dataset as Lenz
did. In [109], Pinto et al. demonstrated that by gathering the grasping dataset with a
real robot over 700 hours, the same approach achieves higher accuracy. Learning can also
be exploited to approximate the probability density of contact models. Kopicki et al. [68]
proposed this concept to generalize dexterous grasp from known objects to novel objects of
the same object categories and transfer to other object categories. An SVM-based learning
method is exploited in [107] to find optimal grasps using a simulator.
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Fig. 4.4: A method using hand-crafted feature for grasp classification proposed by [35]. The
method discretizes input point cloud into height map. Features are extracted from
height map for grasp classification. The best grasp is calculated by weighted grasp

hypotheses and realized in a grasp planning simulator. Later, we use this method as
baseline for comparison.
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All these works do not consider to fuse the sensor data. Instead of using only single
measurement to learn how to grasp, we use sensor fusion in our framework so that the
robot can integrate measurements from different sensors and different perspectives into a
consistent object representation. In this way, object surfaces are modeled in detail while
measurement uncertainty is also represented. Comparing to approaches which require a
labeled database for training, we do not need such database or grasp experience in our
approach.

4.3 Contributions

We propose a new probabilistic approach to synthesize grasps for unknown objects. Our
approach can generate precision grasps with high accuracy. First, a model to calculate
grasp success probability is introduced. We separate the modeling of joint grasp success
probability into two independent models. The first model describes the physical condition
for achieving a stable grasp, while the second model reflects sensing uncertainty, which is
a problem that any robots have to handle in reality.

In order to model the shape uncertainty of unknown objects, we propose a new object
representation and an associated fusion algorithm called p-SDF. p-SDF is an extension
of signed distance functions, which not only models object surface itself, but also indi-
cates the uncertainty of surface caused by sensing. This representation allows surface
reconstruction of unknown objects from multiple sensors which may have different noise
characteristics. Unlike the previous work, the uncertainty takes the noise characteristics of
individual sensors into account. In addition, a fusion algorithm can be configured to run
on modern graphic cards so that the reconstruction process can be conducted in real time.
In addition, we introduce an approach to calculate the probability of force closure tailed
for this surface model. This is done by combining four evaluation criteria in a weighted
fashion. Furthermore, a generic parametrization method is demonstrated to reduce the
search space of the grasp. A two-stage search algorithm is proposed to find the grasp of
the highest success probability.

Our method differs from previous methods, that the uncertainty-aware object repre-
sentations of those methods do not reflect the true measurement uncertainty of sensors.
For the methods which use GPIS, they mostly use a heuristic by defining a set of points
inside or outside the objects to construct the model. In addition, the computational time
of those methods is too long to run in real time, which significantly limits the performance
of a real grasping task. We conduct extensive real grasping experiments to validate the
approach, we achieve 93.5 % success rate and outperform the baseline approach which

based on machine learning.
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4.4 Probabilistic modeling of grasping success

4.4 Probabilistic modeling of grasping success

This section gives a mathematic model of grasping success, followed by an illustration of

the model on an 1-D grasping example.

4.4.1 Mathematic model

First we define a random variable S € {success, failure} as the outcome of a specific grasp
motion G = {g1,...,9n}, with g1, ..., g, representing a sequence of gripper configurations
and poses. We define P(S = success|G, Z) as the marginal probability that the grasp G
succeeds based on the sensor measurement history Z = {z, ..., z)}. It is not straightfor-
ward to compute the marginal probability P(S = success|G, Z) directly without knowing
the state of the object x,. However, we can compute it by separating it into two probability
terms:

P(S) = P(S|Q,Z):/ P(S|20,G) - pla| Z)deo. (4.1)

We call the first term P(S|z,,G) conditional grasping success model. It indicates how likely
a specific grasping action G will lead to success given the object state x,. The second term
p(z,|Z) represents the posterior probability of the object given a series of observations,
which quantifies the perception uncertainty. In this way, the problem of predicting the
marginal grasp success probability is simplified to model the P(S|z,,G), and to model the
perception uncertainty.

After the marginal grasp probability P(S) is computed, the next step is to find an
optimal grasping motion G, that maximizes the marginal grasp success probability:

Gopt = argmax P(95). (4.2)
g

4.4.2 lllustration of the concept

To illustrate the proposed mathematic model, we apply this formulation to solve a 1-D
grasping problem. We aim to compute the optimal grasp configuration for a simple parallel
gripper to grasp a 1-D rigid object with width w. x defines the position of the object. The
parallel gripper has a limited opening width constrained by u; € [0, u]®]. uy defines the
position of the gripper. Here we assume the grasp motion G is collision-free with the object
and its environment. Thus, the last grasp configuration g, determines if the final grasp
will succeed or not. In this way, the grasp motion can be simplified to the last gripper
configuration. For a simple parallel gripper, the configuration is defined by {(u1,us)}. We
call the configuration as a ‘pre-touch’ configuration. Fig. depicts this 1-D grasping
example.

First let us derive a grasp success probability model P(S|z,G) for this example. Since

the positions of the fingertips can determine whether a gripper configuration will succeed,
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Fig. 4.5: lllustration of a 1-D grasping problem.

we can compute these positions directly from u; and us by

left —05-
I =y (4.3)
c'e us + 0.5 - uq

If the fingertips are in intersect with the object, the grasp is invalid. In these cases, we
assign the probability of grasp success to zero. When the positions of fingertips fulfill the
condition ( ¢ < x — 0.5w and 8" > z + 0.5w ), the object can be grasped by the
gripper. However, for precision grasping, we want to avoid object displacement during
grasping. During the phase of force closure, we want the object to move as little as
possible. Therefore, a term that penalizes object displacement can be introduced into the
grasp success model. We model the grasp success probability by

P(S|z,G) = A1, (4.4)

B dmax

where d™®* = 0.5 - (u}"®** — w) denotes the maximum displacement that can be executed
by a gripper. d = |uy — x| denotes the actual object displacement. By combining this
model with a given object posterior p(z|Z), a marginal success probability P(S) can be
obtained by evaluating Equ. [5.I5 To illustrate how an object posterior can influence
marginal success probability, we choose object length w = 0.2, the maximal opening width
of the gripper u"®* = 0.4. We compare the result by using two different object posteriors
to simulate an accurate and a less accurate perception system. We model the p(x|Z) by
two Gaussian distributions with A/(0,0.3) and N(0, 0.03) respectively. Fig. |4.6|depicts the

contour of grasp success probability P(S) as a function of the pre-touch configuration.

4.4.3 Modelling of conditional grasp success probability

For real world objects, it is required to have a conditional grasp success model that con-
siders much more factors than the 1-D example. Two conditions are necessary to ensure
a successful grasp. First, the motion of the gripper, which is represented by G, should not
collide with the environment and the object. Second, the last pose and posture g, which
we define as the pre-touch configuration should guarantee that forces from the fingertips
are established on the object during force closure. For the first condition, we assume that
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Fig. 4.6: Marginal grasp success probability in terms of two different object posteriors. The
optimal gripper configurations are shown by red dots. In (a), N(0,0.3) is used
to simulate the posterior of the object position. The marginal success probability
P(S) ey = 0-13 . In (b) N(0,0.03) is used to simulate a more accurate posterior
distribution of the object position with P(5),_, = 0.76

there is sufficient free space between the pre-grasp configuration and the pre-touch config-
uration. The collision-free motion from the pre-grasp to the pre-touch can be interpolated
linearly. To fulfill the second condition, the choice of a pre-touch configuration g, is es-
sential, because the grasp success is predominantly affected by the way we make contact
with the object. Hence, the grasp success model P(S|z,G) is simplified to P(S|z, gn).

The dimension of the object state x depends on the choice of the object representation.
To represent simple geometry primitives such as cylindrical objects, it is sufficient to choose
a parametric representation which includes radius, height, and the position of the object.
For objects with irregular form, the dimension of x can be very large. However, predicting
the grasp success probability can be independent of the choice of representation, since it
is only required to extract the contact normals of an object.

In the following, we elaborate on how we approximate the conditional success probability
of a given pre-touch configuration g, for real world objects. Here we only study the pinch
grasp, where the grasp only requires two fingers to make contact with the object. Pinch
grasps can be easily realized by most grippers, independent of how many fingers a gripper
they have. We choose four criteria to model the conditional grasp success probability.

e Non-zero contact angle: The first criterion that we use to approximate the grasp
success is the angle between normal of fingertips and desired contact regions. In
Fig. [£.7, we denote n; as the normal defined on a finger tip and ¢; as the normal of
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Fig. 4.7: Description of variables which represent a pre-touch configuration g, on an bunny

30

object. Fingertips are illustrated in blue. Dashed lines indicate variances of the
representation. Arrows represent normals on the particular surfaces.

a contact region. d; is the distance from a finger tip to a contact region. The grasp

success probability with a non-zero contact angle is given by:

k _ 1 (4
Pl _ Hi:l(l 0A5.9|6|) |/B| < 2 ’ (45)

0 else

where = 7 — Z(n;,¢;) and Z(n;, ¢;) is the angle between n; and ¢;. k denotes the
total number of fingertips used to make contact with the object. 6 is the maximal
angle of a friction cone that the finger tip still supports the object without slipping.

Non-optimal finger placement: Due to the non-optimal control of a gripper during
force closure, the closer the fingertips are located to the object surface, the less likely
a control error would occur to influence the overall grasp success. Therefore this
criterion is modeled by

P, = exp (- > d’;% h) (4.6)

i=1
where h is the desired offset distance between fingertips and the object’s surface for

a pre-touch configuration. o, is a shaping factor for the probability.

Distance to center of gravity: This criterion penalizes a grasp where the line connect-
ing two contact points does not cross the object’s center of gravity. A large distance
between the center of gravity to the line may result in that the object rotates within
the gripper after being lifted up. We model the success probability of this criterion
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P3 — 1 051bb ’dcg| |dcg‘ < 05 ’ lbb : (47)

0 else

where d., denotes the distance from the line of contact points to an object’s center
of gravity. For unknown objects, we do not know exactly where the center of gravity
lies. However, based on the reconstructed object model we can fit a bounding box
to the object. The center of the bounding box is a good estimate of the center of
gravity. ly, is the largest side length of the bounding box.

Surface uncertainty: This criterion is specially designed for the representations that
model surface uncertainty. This criterion avoids making the finger contact on un-
certain surfaces because forces established on uncertain surfaces can not guarantee
firm touch between the fingertips and the object. We model the success probability

induced by surface uncertainty with

k (o(ci))
. ]_— 1 < max
py= =500 (0] < o (45)

0 else

where (o(c;)) is an average variance of ¢; and o,y 1S a parameter representing the
maximal allowed variance. We merge the proposed criteria in a weighted fashion to
generate an overall grasp success probability by

P(S|z, g,) sz ) (4.9)

with 320 w; =

The proposed model considers uncertainty over other classical methods for evaluating

a grasp. Classical methods usually assume the perfect knowledge of object geometry and

perfect control of contacts, using these method usually fails to grasp the object in the

reality. The first criterion defined in the proposed model captures the necessary condition

of constructing an antipodal grasp. It ensures, the lines connecting the contact points

must lies in the friction cone. Other criteria are designed to handle contact uncertainty

and shape uncertainty which can not be avoided in real world grasping.
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4.5 Modelling perception uncertainty

4.5.1 Surface based probability distribution estimation based on
probabilistic fusion

The aforementioned shape-based approach that aims to represent the object with a limited
number of parameters does not scale to real world objects. The reason is that the shapes
and surfaces of most real world objects are complex and individual. Grasping these objects
requires a robot to have the capability of learning the form of irregular objects online even
the object is presented for the first time. In this section, we propose a new method to
estimate the probability distribution of the surface of the objects. Rather than predicting
the shape parameter, this method estimates the course of the object surface achieved
by a new probabilistic object representation and a multi-sensor fusion approach. Our
surface representation has some significant advantages. First, it models the measurement
uncertainty explicitly, as the fusion method explicitly takes it into account. Second, the
model can be reconstructed with multiple measurements generated by various sensors,
which have different noise characteristics. Third, one can parallelize the fusion method on
GPU, so that the reconstruction process is performed in real time. Fourth, the efficient
query of the surface information allows fast grasp synthesis.

4.5.2 Surface representation: p-SDF

The model of the surface representation is based on signed distance field (SDF). A SDF
in a metric space determines the distance between a point and the object surface. The
sign of the distance indicates whether the point is outside or inside the object. Besides the
distance information, we augment the SDF with another additional variable ¢ to represent
the uncertainty of the distance. We call this new probabilistic surface representation p-
SDF. In this work, a discretized version of p-SDF is used. We discretize a predefined
metric space, where p-SDF is defined, into equally sized voxels. We denote the set of all
the voxels as V. Since the modeling of an object can never be perfect, we have to take the
surface uncertainty of modeling into account. For this purpose, we define the distance to

each voxel as a normally-distributed random variable. Thus, an object is represented by
five= N(u,o?),Yo eV, (4.10)

where p is the mean and o is the variance of the distribution assigned to voxel v.

4.5.3 Surface reconstruction with sensor fusion

In order to fuse the measurements into the representation using multiple sensors, an itera-

tive method is used to update all the voxel elements. Considering only one voxel v € V| we
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introduce a random variables Dy associated with voxel v. Here, k denotes a time stamp.
Bel(Dy_1) and Bel(Dy) represent the belief signed distance distributions at time stamp
k — 1 and k respectively. We also assume that the major error of one sensor measurement
can be approximated as Gaussian white noise so that we can define a measurement model
of the sensor by

P(z|c,Q) = N(2*, 02 ...), (4.11)

sensor

where ¢ denotes a depth camera pose and () denotes the surface of an object. z* is the
true distance between the surface and the depth camera. Furthermore, we denote the true
distance between the voxel v to the surface Q as z%;. From Fig. [1.8 we can derive

Zeat = dwe) = 2" (4.12)

where d(, .y denotes the distance between the voxel v and the depth camera. Since z follows

a Gaussian distribution, z.4¢ also follows a Gaussian distribution, which is given by

P(ZSdf’Q Q) = N(Z:dﬁ O-SQensor)' (413)

Fig. 4.8: Description of the variables that we defined. The grid denotes the volume we consider
for modelling an object. z* is the true measurement from a depth camera. ¢ denotes
the pose of the depth camera. 27 is the true signed distance along the direction of
the measurement.

The belief distribution Bel(Dy) of voxel v can be derived by Bayesian recursive updating
by
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Bel(Dk) = P(Dk|zsldf’ e 7Z§df)
=1 P(2ly| Di) - P(Dialzge - 2as ) (4.14)
=n: P(Zfdf’Dk) - Bel(Dy.—1)

This equation shows that Bel(Dy,) can be computed iteratively by the measurement model
and the belief prior to the measurement update. In this work, we propose to approximate
the belief with a Gaussian distribution for each voxel, so the belief Bel(Dy) can be further
computed by

Bel(Dy,) =1+ N (zsar Ocensor) * N (ttr—1,07r_1) (4.15)
=1 N(u, op)

with

2 2
Hk—1 * Ogensor + Zsdf - Ok_1

= 4.16

i 0-13—1 + Ugensor ( )
O'2 . 0'2

O',% — 2k—l sensor ) (417)

2
Ofk—1 + O sensor

We use Equ. and Equ. to update the whole volume V. To update the volume with

2

another depth camera, one only needs to exchange o2, .,

to the variance which represents
the measurement characteristics of the camera.

4.6 Searching for feasible grasp configuration

In general, numerous pre-touch configurations are feasible for a successful grasp, since
most objects can be stably grasped in different ways. The marginal probability P(s|g,, f)
is a high-dimensional non-convex function on g,. g, is parameterized by the pose of the
gripper relatively to the object and the positions of joints. Finding the optimum of g, is
not trivial. We approach this problem in two steps. First, we use a generalizable method to
parameterize the grasping posture which reduces the dimension of gripper configurations.
The parametrization is then used in a two-stage search process, which involves sampling a
set of configurations from a uniform distribution and refining the finger joint configurations
of the best sample.
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4.6 Searching for feasible grasp configuration

4.6.1 Reducing configuration space of grippers using synergy

We follow the concept of ‘eigen-grasp’[17] to parameterize the gripper. This concept is
based on the grasp synergy which allows the joint positions to be controlled only by a
subspace of the total available degrees of freedom. In our work, we use grippers with more
than two degrees of freedom (DOF). Given a gripper with d DOF, we organize joints on
the same finger into a group so that only one parameter is required to control the whole
finger. We define the set of joint groups as J. Later we use this reduced parameter space
to search for grasps. After defining the groups, we define a set of grasp types T that
are feasible for the gripper. Typically, they indicate which grasp type is reasonable for a
specific object or a specific task, e.g. a pinch grasp is more suitable for grasping a chopstick
than a power grasp. A grasp type is parametrized by an opening posture P, € R? and a
closing posture P, € R?. To generate a gripper configuration of a particular type, we must
first compute an eigen grasp matrix M for this type. The algorithm for computing M is
given by Algorithm [3|

Algorithm 3 Compute M, of grasp type t
: Input: J, B, P., d
ng = |J|
k=0
r=20
resize M to d rows and n, columns
for i from 1 to n, do
for j from 1 to J[i] do
row =7+ J
col =1
M (row, col) = P,.[k| — Bylk]
k=k+1
end for
r=7T4+ng
- end for
: return M

— e = = e e
GUk W 2o

The entire joint configuration of a grasp 7 is computed by
j=M-a+ P, (4.18)

where M is a d x ny matrix, « is a ngy X 1 vector and n, is the number of groups we defined
for the gripper. Also note that Yo, € a, o is defined in [0, 1]. Thus the joint configuration
7 equals P, when Vo, € a, a; = 0 and equals P, when Vo, € a, a; = 1.

Fig. depicts an example how we parametrize a SCHUNK-SDH gripper. SCHUNK-
SDH has a total of three fingers. Each of them has two joints with independent actuators.
Two of three fingers have an additional joint at the finger root. These two joints are driven
by the same actuator to change the directions of force closure. We define in total three
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Fig. 4.9: Three grasp types are defined for SCHUNK-SDH gripper. The fingers of the gripper
for an opening grasp posture P, are marked in red, the ones for a closing grasp
posture P, are marked in green.

grasp types and their corresponding parameters P, and P.. Which grasp type to choose is
normally related to the object shape as well as task intention. We organize two joints on
the same finger into one group and additionally the two coupled joints into another group.
The total amount of the joint groups adds up to four for this gripper. In this chapter,
we do not consider the task intention after grasping, so we choose the pinch grasp in the
following experiments. Pinch grasp mimics the most widely used parallel gripper and is

capable of picking a large amount types of objects.

4.6.2 Calculation of surface normals

Surface normals on the desired contact points are used to evaluate the conditional grasp
success probability. For the objects which can be represented by p-SDF, the surface element
can be accessed by an operation called ray-casting. Ray casting evaluates the function
along a given direction until a zero-crossing is found. To employ this method for grasp
generation, we attach a set of frames organized by a grid to each finger tip. These frames
are then used as a set of simulated proximity sensors to determine the distance between
fingertips and the object surface. The region covered by these frames can be considered
as a desired contact patch region. Fig. depicts a realization of simulated proximity
sensors on a SCHUNK-SDH Gripper.

Given an object modeled by p-SDF and a pre-touch configuration of a gripper, the
desired contact normals are evaluated by first conducting ray casting for each frame. For
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Fig. 4.10: For each finger tip, 25 Frames are attached to the region, where contacts and
forces are applied during grasping. Arrows in blue show the direction of operating
ray castings.

this gripper, we obtain 25 desired contact points which form a contact region. We use
these points as inputs for a RANSAC plane segmentation [136]. The contact region is
regarded as feasible, if at least 80% of points are considered as inlier of a plane. This
rules out unstable contact region where the course of an object surface is not smooth.
The normal of the contact can be calculated from the plane segmentation result. In this
way, we avoid using a point-contact model to evaluate contacts but use a contact patch
for estimating the contacts and contact normals. It simulates physical contacts in a real
grasping scenario. Stable contacts are usually established on the plane of two surfaces,
not on the point. Fig. depicts the result of the contact points (magenta) and surface
normals (yellow arrows) determined by ray casting.

Fig. 4.11: Desired contact positions of a pre-touch configuration determined by ray casting.
Magenta: contact points, yellow arrows: surface normals. For the purpose of
visualization, this model is generated in Gazebo simulation.

87



4 A Probabilistic Approach to Grasp Synthesis

4.6.3 A sampling-based approach to grasp synthesis

The objective function P(S|g,, f) to be maximized is in general non-linear and non-convex.
Directly searching in the parameter space is exhausted and tends to find local-optimal
solution, because the dimension of parameter space is quite high. However, by using other
scene or task information such as where the robot is performing grasp or what to do
after grasping, we can not only reduce the dimension of search space, but also gradually
approach a good grasp configuration by selecting the order of parameters to be optimized.

The parameter space of g, = {p,a} contains a pose parameter p in R® and a posture
parameter « in R, The pose parameter can be used to place the gripper at an almost
satisfactory region, in which simulated proximity sensors have valid measurements, while
the posture parameter is used for the fine adjustment of the fingertips. The entire gripper
joint configuration is computed by the posture parameter and the eigen-grasp matrix.

To determine the pose parameter of the gripper, we use a coarse-to-fine sampling strat-
egy. Instead of sampling the whole parameter space, we can first choose a subset of pose
parameter for starting the search. Which subset to choose depends mainly on the task
intention and scene constraints. For example, in a table-top scenario one may choose to
grasp the object from its top, thus we can start to sample position and the yaw angle
of a gripper. After coarse sampling, one may already find some feasible grasps. In order
to further increase the probability of grasping success, we sample the pose configuration
uniformly around the best configuration in a two-dimensional plane. The plane should
be parallel to the plane formed by the fingertip. A plane for the gripper used in our
experiment is shown in Fig. [4.12]

After coarse-to-fine sampling, the pose parameter of the gripper is determined. However,
the distance from the individual fingertips to the object may still different. In order to
keep the object as static as possible during the grasping process, we iteratively increase
the posture parameter and apply the half distance difference as offset to the position of

the gripper, until a distance threshold is reached.

4.7 Sensitivity analysis of p-SDF

Experimental setup The aim of this experiment is to analyze the result of proposed
method reacting to different level of sensing noise. We use Gazebo to simulate a real
grasping scenario as shown in Fig. We sample noise from a Gaussian distribution
for each pixel of a depth image to simulate the noise characteristic of a real depth camera
such as ‘Creative Senz3D’. Then, the noise are added to the perfect depth images provided
by the simulator. Fig. depicts the point cloud which are generated from the synthetic
depth images. Only the hand camera is used in this experiment. The object is observed
by moving the arm to several pre-defined configurations. After the object is fused by the
measurement, we run the grasp synthesis method and choose the number of samples to
1000 to ensure the convergence of the method. The grasp execution is not performed in
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Fig. 4.12: Parametrization for refining a pre-touch configuration.

Fig. 4.13: Simulation environment.
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this experiment because the simulator does not provide a sufficient good simulation for
grasp dynamics of reality.

(d)

Fig. 4.14: Synthetic noisy measurements with different standard deviation(sd). (a) original
measurement (b) sd = 1 cm (c) sd = 2 cm (d) sd = 3 cm

Result Four different levels of noise are compared in the experiment. As shown in
Fig. the shape of the ‘Bunny’ can only be recognized when no synthetic noise is
applied to the measurement. Directly inferring grasps from a single noisy measurement
can be very hard. Since our method fuses the object surface by using a series of measure-
ments, the object surface can still be well modelled in the case of 1 ¢cm and 2 c¢cm noise
level (Fig. . Our grasp synthesis method is succeeded in finding a grasp configuration
in the most cases except for the case where 3 cm standard deviation of noise is used. The
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failure lies in that the noise is so large that the surface can not be well modelled. In ad-
dition, a smooth contact area according to the method of surface query can not be found.
For the case where 1 cm standard deviation is used, our algorithm finds almost the same
grasp configuration as in the noise-free case which shows that our method is robust upto
a certain level of measurement noise.

1

(c) (d)

Fig. 4.15: Result of grasp synthesis and reconstructed objects based on measurement with
different noise level. (a) original measurement (b) sd =1 cm (c) sd =2 cm (d) sd
=3cm

4.8 Grasping experiments

Unknown objects are the objects which are presented to a robot for the first time. All of
the objects we chose for this experiment have their individual shapes, which additionally
increase the difficulty. In the following, we first introduce the experimental setup, followed
by the evaluation of the algorithm and the performance evaluation of the overall grasping
accuracy.
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4.8.1 Experimental setup

The test objects that we used in the experiment are shown in Fig. [4.16, Every time we
place one object on the table. The robot is required to lift the object 10 cm above the
table. If the robot grasps the object successfully, it rotates its wrist of a random angle and
places the object back to start a new grasping attempt. For each object, the robot repeats
the experiment autonomously for 20 attempts. Human intervention is only involved if the
robot fails to pick up an object. In the case that the robot does not recognize the failure
and continues to place back the object, we manually remove the object to prevent the
robot from breaking its gripper.

Fig. 4.16: Test objects we used in this experiment. From left to right: a 3-D printed ‘bunny’,
‘big duck’, ‘tape rectangular’, ‘tape triangle’, ‘stapler’, ‘toy car’, ‘duckie’, ‘screw-
drawer’, ‘PS3 joystick’, ‘correction fluid’.

Hardware

We conduct the experiments with a fully integrated mobile manipulation robot (Care-o-
bot) [42]. The robot is equipped with a 7 DOF KUKA lightweight robot with a 7 DOF
SCHUNK-SDH gripper mounted on the wrist. The robot is driven by an omnidirectional
mobile platform. The primary sensors of the robot include a head-mounted Microsoft
Kinect sensor and a hand-mounted stereo camera (Ensenso N10).

Object modelling

Before each grasp attempt, the robot moves its gripper to several pre-defined poses so that
the object is perceived from both head camera (Kinect) and in-hand camera (Ensenso).
During the movement, our fusion algorithm integrates the measurements simultaneously
from both cameras. Fig. illustrates the process of modeling the ‘toy car’ by moving
the gripper relatively slowly. For the first 9 s, the top side of the object is visible to the
in-hand camera, so the uncertainty of the top region is reduced gradually. The black area
of the object indicates that the region of wheels is still under large uncertainty. After 9 s

the robot moves the in-hand camera to some other viewpoints to acquire more information
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about the region of wheels. Fig. shows the number of frames used to fuse the object
during the entire modeling process.
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Fig. 4.17: The process of modelling a ‘toy car’. Top: The robot moves its in-hand camera to
several pre-defined poses to see the object from different viewing angles. Middle:
Raycasted views of the model are shown alongside each robot pose. Bottom: A
colorized model of the object visualizes the uncertainty of the object during the
modelling process. In the first three figures, the black points on the wheels indicate
a large uncertainty on those regions, because the object was only observed from its

top.
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Fig. 4.18: Number of frames used to model the 'toy car’ (object see in Fig. [4.16). The time
stamp of each bar corresponds to that of modelling result in Fig. m
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Parameter tuning

We choose the bunny object to tune the parameter of weights in Equ. 1.9, because the
surface distribution of this object is relatively complex. The intuition behind this is if
we have a good evaluation model for a complex object, the model should also be able to
generalize for simple objects. Totally we need to determine four weights to evaluate a
grasp. Since the sum of all the weights equals one, we only need to tune three of them.
In order to compare the effect of each weight, we set one of them to one and the others to
zero. Then we use the search algorithm to compute the best grasp configuration. Fig.
depicts the best grasp we obtain if we only use the first criterion (Non-zero contact angle).
The desired grasp position is on one ear of the bunny. The contact normals are almost
anti-parallel to each other. However, it is obviously not an optimal grasp. In Fig. [4.19D]
only the second criterion (Non-optimal finger placement) is activated, the contacts of the
best grasp are on the front and the back of the bunny. The contact normals are however
not parallel to each other, which may lead to grasp slippage in reality. In Figld.19d, only
the third criterion (Distance to center of gravity) is used. The connection line between
the contacts passes through the center of gravity, however, the contact normals are not
optimal. In Fig, only the fourth criterion (Surface uncertainty) takes effect. During
the model reconstruction phase, the back of the bunny is visible to many viewing angles.
So the best-desired contact points are on the back of the bunny, where the surface has the
lowest uncertainty. However, force closure condition of this grasp is not fulfilled. Based on
the analysis, the first criterion has a dominant effect which should be given a larger weight
to achieve force closure and a good contact condition. But if the w; is chosen too large,
the best grasp may appear at the side of an object. We need to increase ws to penalize
this effect. ws and w, should be chosen as the secondary criterion to motivate more
symmetrical contact points as well as making contacts on the surface with low uncertainty.
Finally, we find w; = 0.6, wy = wy = 0.1 and w3 = 0.2 are a good trade-off between the
four criteria. In the experiment, we use the same parameter to evaluate grasps on other
objects. Although the shape of other objects is way different from the bunny object, the
experimental result verifies that the chosen parameters also perform well for these objects.

4.8.2 Performance evaluation on grasp synthesis algorithm

To generate a viable grasp we first fit a bounding box to a point cloud that is segmented
from the table. Based on the estimate of the bounding box, we compute for each object
an initial pinch grasp, which is aligned to the bounding box. The initial grasp is used to
initialize the grasp synthesis algorithm. We evaluate the performance of grasp generation
in terms of the number of samples. Fig. depicts the time consumption to compute a
grasp with a different number of samples. The computation time increases linearly with
the number of grasp samples. We get the variance of time consumption by running the
algorithm 10 times for a fixed number of samples. By evaluating the algorithm on three
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Fig. 4.19: The best grasp configuration found by the search algorthm when only one of the
four critera is activated. Green points indicate the contact regions. The yellow lines
show the normal lines of each contact region.

different objects, we also show that the computation time is not correlated with the object
type. Fig. illustrates the maximum success probability to the number of samples.
The maximum success probability can be found after evaluating approximate 200 samples,
which means our algorithm can find a viable grasp within 2 seconds. Comparing the
speed of a similar work [88], which also uses signed distance function to model objects, our

algorithm is at least 30 times faster.
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Fig. 4.20: The mean computation time of the grasp generation algorithm scales linearly with
the number of samples. The variance is computed by evaluating 10 times for a

given number of samples.
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Fig. 4.21: The algorithm converges approximately by evaluating 200 samples.

4.8.3 Performance on grasping accuracy

In our experiments, we define three types of outcomes to judge a grasping attempt. They
are success with precision (S.w.P), success (S.) and failure (F). S.w.P means the object
is successfully picked up and placed back while the gripper does not displace the object
more than 1 cm or more than 30 degrees during force closure. An outcome is marked as
S., when the object is successfully picked up in spite of being displaced or rotates within
the gripper. An attempt is marked as failure if the object is not successfully picked up or
slips out of the gripper.

Table summarizes the result for a total number of 200 grasping attempts. Our
algorithm has achieved 93.5% success rate of lifting the objects and 79.5 % success rate of
grasping with precision. The robot manages to grasp duckie’ and ’correction fluid’ without
failure. 7 objects are successfully grasped with only a single failure. Fig. illustrates
some successful grasps generated from our algorithm.

Among all the objects we used in the experiments, ‘PS3 Joystick’ is the most difficult
object for the robot to pick up. Depending on the viewing angle, the hand-mounted
Ensenso stereo camera sometimes does not provide reliable depth images so that the object
model is only partially integrated or the integration contains large uncertainty. Noted that
there are only a few viable pinch grasps which can be used to lift the ‘PS3 Joystick’. These
viable grasps are all located in the middle. When the contact regions for these viable
grasps are not well modeled or have large uncertainty, our algorithm is not capable of
finding them. These phenomena are also observed for the ‘screw driver’ and the ‘stapler’.
For these two objects, the region where the surface is black results in a large uncertainty
in the model. Since these objects contain more feasible grasps, our robot still manages to
pick up them successfully. However, the robot has a lower success rate on these objects if
S.w.P criterion is used to assess the grasp outcome. Fig. depicts one common grasp
generated from our algorithm for the ‘stapler’. Our algorithm tends to find grasps at the
end side of the ‘stapler’, because that region are well modeled and certain to the robot.
Since this grasp cannot counteract the wrench generated by the gravity, as soon as the
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object is lifted up, an in-gripper object rotation may happen.

large uncertainty/
(a) (b)

Fig. 4.22: (a) A grasp generated by our algorithm for the 'stapler’. Our algorithm tends to
generate grasp in the region where the uncertainty is small, which leads to an non-
optimal grasp for this case. This grasp may lead to an in-gripper rotation, because
it cannot counteract the wrench of gravity. (b) The black points indicate that the
side surface of the object has a large uncertainty, however these regions are the
only good contact region for a stable grasp. Since our algorithm avoids to generate
grasps on uncertainty surfaces, an non-stable grasp is found at one control axis of
the ‘PS3 Joystick'.

Object S. F. S.w.P
Bunny 19/20 1/20 15/20
Big duck 19/20 1/20  16/20
Tape rectangular ~ 19/20 1/20  19/20
Tape triangle 19/20 1/20 19/20
Stapler 19/20 1/20  14/20
Toy car 19/20 1/20 18/20
Duckie 20/20 0/20  20/20
Screwdrawer 19/20 1/20 11/20
PS3 Joystick 14/20 6/20  7/20
Correction fluid 20/20 0/20 20/20
Summary 93.5% 6.5% 179.5%

Tab. 4.1: (S. = success, F. = failure, S.w.P = Success with precision). Experimental result
for a total of 200 grasping attempts. An outcome is classified as S.w.P when gripper
successfully picked the object without displacing the object more than 1 cm or 30
degree. This criterion is strict comparing to a standard way to access grasping
success.
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Fig. 4.23: Grasps generated by the algorithm with successful execution.

Fig. 4.24: Successful grasps executed by the robot.
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4.8.4 Comparison with one baseline approach

We choose the approach proposed by Fischinger et al. [36] as the baseline for comparison.
This method calculates grasps from a given point cloud using a so-called ‘Height Accu-
mulated Features’(HAF). It has been shown that the approach was adapted to different
robots and gripper systems for grasping a variety of unknown objects. In order to use their
approach for grasping with our system, we need to adapt the calculated grasping points
to our gripper. We use the implementation from http://wiki.ros.org/haf_grasping in
our experiments. The default parameters are used to calculate the grasping points. The
output of the method is 2D positions of two grasp points. Additionally, a grasp realization
step is required to compute the height of a grasp for executing a real grasp. They imple-
ment the grasp realization step in OpenRAVE simulator, in which a mesh of an object is
calculated for collision checking. Then they use a heuristic to compute a real grasp: setting
a manipulator about 7 cm away from the object. As this implementation is not available
for our system, we implement a realization step by setting the height of the grasping points
at the middle of an object’s bounding box.

Fig. depicts a grasp calculated by HAF and our approach on the bunny object.
The grasp calculated by HAF may lead to a grasp failure since the region of contact points
lies around the head of the bunny. In these regions, there is no flat surface to establish a
stable contact. On the contrary, the best grasp calculated by our method is on the body
of the bunny. This is more likely to succeed than the one calculated by HAF.

- —— . v
1 4 \\\\\

(a) Left: the best grasp point calculated by (b) Left: the best grasp calculated by our

the baseline approach. The red line in- method with weights (w; = 0.6,ws =
dicates the close direction. The black 0.2,ws = wy = 0.1). Right: A zoom-in
arrowed line shows the approach direc- visualization of the contact points.

tion and the position of a gripper. Right:
grasp realization for our gripper.

Fig. 4.25: A comparison of a grasp calculated by the baseline method and our method. The
grasp generated by the baseline approach probabily leads to grasping slippage be-
cause the method does not considier contact surface as an important factor.

In order to systematically compare both approaches, we conduct the same real grasp ex-
periment on the test object set with HAF. We only use the hand-mounted stereo camera to
obtain an input point cloud for HAF as the stereo camera provides more precise data than
the Kinect. The input point cloud represents a top view of a test object. The experiment
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result is summarized in Tab. 4.2l We exclude the object ‘duckie’ and ‘Correction fluid’
from the comparison because the point cloud which represents them can not be robustly
segmented from the tabletop. This is related to the limitation of the camera we use. Due
to the segmentation error, a lot of grasp failure occurs for these two objects when using
the baseline method.

In summary, our method achieves a lower error rate than HAF based on 320 grasp trials
in total. HAF can perform well on small regular objects, while it has difficulty to grasp
objects with a complex surface distribution like ‘Bunny’. HAF also not performs well on
‘stapler’ or ‘screw driver’. Omne reason of failure for these two objects is that the input
point cloud sometimes only contains a partial view of the object. The material of the
objects may cause reflections, e.g. the input point cloud may not contain the shaft side of
the ‘screw driver’, which may cause the calculated grasp being too far from the center of
mass. Both approaches have difficulty in grasping ‘PS3 joystick’. The reason for that has
been discussed previously.

Our method HAF

Bunny 19/20 16/20
Big duck 19/20 18,20
Tape rec. 19/20 19/20
Tape triang. 19/20 20/20
Stapler 19/20 12/20
Toy car 19/20 20/20
Screwdrawer 19/20  7/20
PS3 Joystick 14/20 13/20
Nr. of failure 13 35

Tab. 4.2: Successful grasp executed by HAF (baseline method) and our method on a subset of
the test objects. Our method achieves a lower error rate than the baseline method.

4.8.5 Discussion

Precise grasping is one of the advantages of the proposed approach. By explicitly modeling
the surface geometry and its uncertainty, we can compute grasps with more precision so
that during force closure the object is less probable to be displaced. Displacement of the
object may result in grasp failure more likely, because the actual contact region are not
identical to the one computed by the algorithm.

Most approaches address the problem of grasping an unknown object by finding grasp
relevant feature from a single measurement. Single measurement, however, may contain
large uncertainty. Partial and occlusion of the measurement usually result in a hard situ-
ation for grasp detection. Well defined grasp features such as surface normals can not be
used because the region where contacts take place are usually not observable from a single
measurement. Our approach handles this problem by integrating multiple measurements
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so that we can use well-defined features, namely, the surface normals and the modeling
uncertainty to assess the viability of grasps.

Recently, some approach exploits deep learning for grasp classification [109], however
gathering training examples require enormous effort. The training data is gathered by
running a robot over 700 hours. In addition, the training examples are basically images with
a labeled grasp. The learned model may not be able to generalize to another environment
with a different lighting condition. Our approach does not require any training data, and
still gets a competitive result. The result indicates that for grasping problem choosing of
a suitable representation can improve the system performance dramatically.

There are also some limitations in the current approach. As our approach requires a
pre-segmentation of the object, applying this method to a cluttered scenario where lots
of objects stacked to each other relies on a sophisticated segmentation algorithm. These
algorithms may not be available at the moment. In addition, our approach can not handle
on reflective objects such as glasses, coins, small screws. In these cases, exploiting other
sensing modality such as a color camera may help. Another drawback of our approach
is that the robot is required to observe the objects with different pre-defined view angles
prior to grasping, this may increase the time of task execution. Regarding this problem,
one may exploit active perception approaches to minimize the travel distance while still
acquiring sufficient information for a stable grasp.

4.9 Summary

In this chapter, we present a probabilistic approach to address the problem of grasp syn-
thesis for unknown objects. Our method explicitly models the uncertainty for the items
which are presented to the robot for the first time. Our method finds the most promising
grasp configuration which maximizes the grasp success probability. We especially choose
challenging novel objects in our grasping experiment. The results demonstrate that our
approach is capable of grasping a range of novel while unknown objects precisely and
outperform a state-of-the-art method.

As the proposed method only considers using antipodal grasp for precision grasping of
small objects relative to a gripper, it is not directly applicable to a multi-finger gripper to
generate a grasp of more than two contacts. However, by configure the grasp synergy of
a multi-finger gripper, it is still possible to use the method to construct antipodal grasps
to grasp unknown objects. As the method is designed for handling surface uncertainty,
applying the proposed method to a cluttered environment requires an additional object
segmentation step.

One of the important aspects of the proposed approach is that without machine learning
of grasping experience on similar objects, our system still achieves a high success rate in
experiments. It may indicate that the choice of object representation and the model of
grasp evaluation play a significant role for grasping. Our intuition behind this is that
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learning from large scale experiments introduces semantics and high-level information for
the choice of grasps, while for low-level precision grasping we still need a suitable object
representation to handle uncertainty and achieve robustness. One direction of the future
work is to combining other sensor modalities such as RGB information into the current
approach so that we can benefit from the result of large scale learning to reinforce the
approach with semantics and task level information. Another direction of the future work
can be exploiting the environment constraints explicitly to allow contact-rich grasping even

in crowded environments.
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5 An Adaptive Grasping Control Architecture
for Whole Body Mobile Manipulation

Humans use eye and touch to monitor the entire process of grasping. They can change
the grasping strategy on the fly when needed. This is why humans are capable of grasping
objects very robustly. In this chapter, we address the problem of grasp execution and
demonstrate how the grasping can be executed robustly under limited sensing capability.

5.1 Introduction

Grasp execution is one of the most important steps for grasping success. Many earlier
works use vision, tactile sensing, proximity sensing to improve the robustness of grasp
execution ([32],[49],[53],[58]). Grasp execution on a real robot can be used to test whether
the planned grasp configuration is feasible or not. Due to the error of object localization,
sensor calibration and uncertain robot motion, the actual grasping configuration may differ
from the planned one. Therefore, we need to handle these errors and keep the actual grasp
configuration as close as possible to the intended one.

Many approaches ([61],[I11],[I16]) which address the grasping problem usually assume
perfect executions. They usually follow a sense-plan-action paradigm to execute a grasp.
In the sensing phase, a robot recognizes, localizes and segments a desired object from
the environment. In the planning phase, grasping points and grasping trajectory are
calculated. In the action phase, the robot executes the planned grasping trajectory to
perform the grasp, usually in open-loop. One problem related to this paradigm is, sensing
of object’s state is missing in the action phase. If the action phase takes more than several
seconds without updating the object’s state, the robot is unable to react to actuation error
or external perturbation. Humans also use this paradigm to perform grasping but the
sense-plan-action cycling time is much shorter. They maintain eye contact to the object
until the object is fetched. In addition, they can adapt their grasp motion when object
is displaced. In order to achieve maximal efficiency, humans seamlessly combine their
locomotion, body, and arm movement for the entire grasping process.

In this chapter, we propose a flexible and adaptive grasping control architecture to imi-
tate human grasping. The flexibility is reflected in the freedom of choice and combination
of required actuators in different grasping phases. We define three grasping phases for the
entire grasp execution process as shown in Fig. During the initial phase, the gripper

is far away from the object, so the robot can execute an arm and platform coordinated
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motion for approaching the object. In grasp motion phase, the gripper is closer to the ob-
ject, the robot can stop the coordinated motion and use arm-only movement to reach the
pre-touch configuration. In the force-closure phase, the robot can control the gripper and
arm simultaneously so that grasping forces are applied in the normal direction. The con-
trol architecture enables the robot being adaptive during the grasp execution. The robot
can continuously update an object’s state and changes the corresponding grasp trajectory.
We evaluate the proposed control architecture on our robot in a challenging grasping task:
grasping paper folded cylinder. To increase difficulty, we specially choose the sensor which
has significant noise. This challenge can test whether the proposed architecture can han-
dle light objects with limited perception capability. The experimental result shows that
our approach can handle the challenging grasping tasks, and outperforms a traditional

approach.
1. Pre-grasp pre-grasp 2. Grasp motion pre-touch 3. Force closure grasp
- Intial object localization configuration - Object tracking configuration - Closed loop finger motion | configuration
- Intial parameter estimation —> - Grasp trajectory adaptation with tactile feedback
- Initial grasp planning - Arm & finger motion control
- Arm motion

Fig. 5.1: A grasp execution process contains three intermediate grasping phases.

5.2 Related work

A robust grasp execution requires continuous sensing. In general, two types of sensing can
be found in the earlier works which address the grasp execution problem. During the reach-
to-grasp phase, visual servoing is the primary method to guide the movement of gripper.
Many works use the method ([72],[44],[37]) for this task. During the force-closure phase,
force and tactile sensing is the promising method to apply sufficient grasping forces to
establish a stable grasp. Several works ([86],[21],[20]) use force or tactile sensing for grasp
stability assessment and in-gripper manipulation. In addition to the sensor modality, we
also give a short review on the control architecture and focus on the methods which allow

whole body manipulation.

5.2.1 Methods using visual servoing

Visual servoing is primarily used in the reach-to-grasp phase, in which the gripper moves
towards an object yet not in contact with it. Vahrenkamp et al. [128] proposed a hybrid
method that combines visual estimations with kinematically determined orientations to
control the movement of a humanoid arm. They demonstrated how a robust visual per-
ception is used to control complex robots without hand-eye calibration. Furthermore, they
improve the robustness of their system by estimating the hand position in case of failed
visual hand tracking due to lightning artifacts or occlusions.
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Fig. 5.2: Methods using vision for grasp execution. (a) A method [128] which combines
visual perception and robot kinematics for determining motion of grasping. The
approach was evaluated with the humanoid robot using the stereo system of the
active head for perception as well as the torso and arms equipped with five finger
hands for actuation. (b) A method [43] which uses visual servoing on grasping
unknown objects. The grasp motion is executed with open loop. (c) A method [89]
which allows grasping while walking for a biped humanoid robot.
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Recatala et al. [I13] employed a stereo camera and a two finger gripper with an eye-
in-hand configuration to study visual guided grasping. Their system tracks a pre-defined
grasping points in image space and use that for the control law. The tracking is based on
using an invariant description with respect to the object.

Different from the above methods which only consider visual servoing of one robot, Muis
et al. [96] exploit two robots and demonstrate how a robot with eye-to-hand configuration
and another robot with eye-in-hand configuration can improve the tracking performance.
The drawback of each configuration is resolved by the benefit of the other.

Traditionally visual servoing can only also be applied to tracking objects with an existing
model. Gratal et al. [43] proposed a grasp pipeline which exploits visual servoing also on
unknown objects. They demonstrated how visual servoing can be both applied for offline
calibration and online grasp execution.

Visual servoing has also been applied to humanoid robots for grasping on the move.
Mansard et al. [89] proposed a framework for building complex whole-body control and
realized visually-guided grasping while walking on a humanoid robot. They divide the
control into several sensor-based control tasks. This structure enables a very simple access
for task sequencing and task-level control.

We also use visual sensing for guiding the gripper towards objects. The methods which
discussed so far do not consider the uncertainty of a tracking result, so their methods
can not react to the tracking uncertainty. Different from these methods, our architecture
employs uncertainty of tracking to generate new grasps for adaptation. Therefore, our
approach is able to generate the grasp which maximizes the success probability at each

time cycle.

5.2.2 Methods using force sensing

As long as the robot touches an object, force sensing becomes a promising way for a robust
grasp execution. Typically, force sensing refers to measuring joint torque or fingertip
pressure. Kazemi et al. [63] proposed force compliant motion primitives to handle small
objects. They exploited strain gauges on the joint of a gripper to detect collision with
the support plane of the object. After collision is detected, fingers are closed using a
control scheme that enables fingertips to slide on the support surface. Pastor et al. [105]
presented an approach for generating contact reactive grasp motion using previous sensor
experiences. These knowledge are acquired from human demonstrations. They exploit
DMPs [57] to generate adaptive trajectories based on tactile and force torque sensing.
Tactile sensing is another commonly used strategies for establishing the final grasp
([19],[28],[75],[58]). Romano et al. [I17] proposed a grasp controller based on tactile pres-
sure and accelerometer to generate robotic tactile signals to mimic human SA-I, FA-I, and
FA-IT channels. These signals are used to indicate a set of event transitions between Close,
Load, Lift and Hold actions of the gripper. The controller selects appropriate initial forces

and increases or decreases as needed to prevent an object from slipping or determine when
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Fig. 5.3: Methods using force sensing for grasp execution. (a) In [105], the robot is first
demonstrated how to grasp an object using kinesthetic teaching. At test time, the
robot detects object displacement with strain gauge mounted on the gripper and
adapts its grasp motion to a new object position. (b) A force compliant motion
primitives is proposed in [63]. A coordinated lift motion and close motion ensures
the gripper always maintains contact with a support plane. This method works well
for flat objects lying on a horizontal plane. (c) A method for in-hand grasp
adaptation proposed in [79]. A three-finger initial grasp is first established on an
object. The position of one finger can be changed online to maintain the stability
of the grasp, when the weight of the object is increased.
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to set it down. The proposed controller is implemented on a parallel gripper.

Tactile sensing can be also used for grasp adaptation with multi-finger grippers. Li et
al. [79] proposed a grasp adaptation strategy for a multi-finger gripper. The method is
able to handle the uncertainty of object’s physical properties. A stability estimator was
proposed to judge when to apply a grasp adaptation of a new grasp. The new grasp is
chosen by the similarity of training examples.

In this chapter, force sensing is not considered as the primary sensing modality, because
the stiffness of the target objects that we choose are extremely small. The tactile sensor
is not sensitive enough to measure the grasping force. Instead we focus us in the reach-to-

grasp stage, and use vision as our primary sensing modality.

5.2.3 Methods considering whole body coordination

In addition to the sensing modalities we reviewed so far, how to combine the sensing
modality into a control architecture has also been addressed by many researchers. Here,
we focus on the work for tasks requiring whole body coordination.

Back in the middle of the 90’s, Khatib et al. [65] proposed a task-oriented control method
for dynamic mobile manipulator coordination, in which a decentralized control structure
was used to perform cooperative tasks with multiple mobile manipulators. Their focus is
not on performing manipulation tasks like e.g. grasping.

Many work exploit arm-platform coordination in order to execute tasks such as ‘opening
doors’, because a static robot can not perform such tasks due to the limited arm workspace.
Ott et al. [I03] used a mobile manipulator which has a 7-DOF arm and a omni-directional
base to perform the door opening task. Based on impedance control, they generated the
required arm-base coordinated motion for door opening, without knowing the door size
and an explicit opening trajectory. During the operation, the robot arm kept the door at a
certain distance while the base moved through the door. In [I5], a framework for planning
door opening trajectory with arm-base coordination was presented. They used a graph-
based planning approach that allows a robot can open various doors both by pushing or
pulling. Both of the work focused on how to use arm-base coordination to perform door
opening trajectory. How to establish the grasp to the handle of the door is however not
addressed.

Collision avoidance for mobile manipulators is also a common topic addressed by many
authors. Omrcen et al. [I02] proposed a method for real time obstacle avoidance using
a torque and velocity controlled mobile manipulation robot. High compliance of the arm
ensures safety without using any sensors. Dietrich et al. [23] proposed a reactive whole-
body control mechanism for controlling a mobile manipulation robot with very high degree
of freedom. They integrate several control requirements into a task hierarchy. These
approaches demonstrate how to use arm-base coordinated motion to expand the robots’
workspace.

Our control architecture not only covers many aspects which are also existed in the
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. 5.4: Tasks that require tight coordination in between the motion of the base and the
motion of the arm. (a) In [103], a mobile manipulator equipped with a single arm
performs door opening task. Cartesian impedance controller was proposed to
control the elastic joints of the arm. (b) A graph search-based motion planning
method [I5] is proposed to plan trajectories for door opening. The method is able
to handle a variety of door types. (c) A reactive whole-body control
mechanism [23] for a torque controlled robot. The control method can be used for
performing tasks such as catching a flying ball [5].
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previous work such as collision avoidance, coordination of actuators, but also seamlessly
integrates vision feedback which may contain information of perception uncertainty. In
addition, our architecture also monitors and controls switching of grasping phases to guar-
antees subgoals of grasping phases are subsequently reached for ensuring the final success.

5.3 Contributions

The main contribution of this chapter is the adaptive grasp control architecture. Different
from the previous work which usually only address a sub-process of grasp execution. The
control architecture monitors and controls the entire grasping process, from the phase
that an object is detected to the phase the final grasp is established. The entire grasping
process is decomposed into three phases. The robot has the freedom to choose a different
combination of actuators to execute the motion in each phase. A tight coordination in
between arm, base, and gripper imitates how a human performs grasping.

Different from previous work, vision feedback as well as the uncertainty of the feedback
can be integrated into the system so that our system can adapt to uncertainty and external
perturbation. An uncertainty-aware grasp configuration can be updated in each control
cycle according to the vision feedback. We evaluate the complete system with a challenging
grasping tasks. By comparing with two traditional approaches, our method achieved the
highest grasping accuracy of the experiment.

5.4 System architecture

We propose a system architecture depicted in Fig. for adaptive grasping control. The
system architecture is designed to close the perception-action loop. The entire loop begins
with the processing of sensor data. The component ‘Tracker’ estimates the state of an
object based on the sensor data. The output of this component is a belief distribution of
the object state. Then, the component ‘grasp synthesis’ takes the perception result and
generates a set of grasp configurations. These include the afore-defined pre-grasp, pre-
touch and force-closure poses. The component ‘Grasp phase control’ monitors the current
state of the robot and generates goal configurations where the gripper of the robot must
reach. The motion adaptation takes the TCP and the grasp posture configurations as
input and generates trajectories for a gripper. The output of Motion adaptation consists
a TCP trajectory and a grasp trajectory. The TCP trajectory defines the 6D path and
velocity of the gripper, while the grasp trajectory defines the postures of the gripper. Since
we represent the posture in a low dimensional space of a gripper, the actual finger joint
to be executed has to be calculated by the ‘Gripper posture generation.” To execute a
TCP trajectory, the component ‘Redundancy resolution’ is used. It converts the velocity
in task space to that in joint space. The output of the ‘Redundancy resolution’ and
the ‘Gripper posture generation’ are both joint velocities. The component ‘whole body
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coordinated control’ takes the joint velocities as input and generate the corresponding

hardware control signals to the robot.

grasp TCP / grasp posture
Grasp configurations Grasp phase configuration . .
synthesis > control ————> Motion adaptation
A TCP cartesian Low-dimensional
object trajectory grasp trajectory
posterior
Tracker Redundancy S:Qﬂ:
joint states resolution generation

joint velocity¢ ¢joint velocity

q Whole body
|

hardware coordinated
control control
signals

sensor data

Fig. 5.5: System architecture

5.4.1 Motion adaptation

Adaptation of TCP Cartesian trajectory In this grasping scenario, the robot has to
adapt its grasp to the measurement online. In order to achieve online motion adaptation,
we choose dynamic movement primitives (DMPs) to generate the grasp motion. DMPs
were originally proposed by Ijspeert et al. [57] and Pastor et al. [105] to learn trajectories
from human demonstration. After learning, DMPs allow generalizing the learned path to
new goal configurations. We represent the grasp motion using Cartesian trajectory. Two
steps are required to generate the trajectory. The first step is learning the characteristic of
a reference trajectory [} The second step is the adaptation from the reference trajectory.
The reference trajectory is represented by a set of discrete points, which can be obtained
using e.g. kinesthetic teaching [45]. As there is no human demonstration in our setup, we
generate the reference trajectory using a cubic spine. The spline is generated by taking
a current robot pose, a pre-grasp and a pre-touch configuration as input parameters. A
DMP in one-dimensional (1-D) space is formulated by two differential equations which are

equivalent to a non-linear mass-damper system:
To=k-(g—a") —d-v+(g— 25" f(s) (5.1)
TP = g, (5.2)

where 4P denotes the position of a 1-D DMP system. xgmp is the start position and g is
the position in which the DMP system converges. k& and d denote stiffness and damping.

lalso called demonstration trajectory in the context of learning by demonstration
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f(s) is an non-linear function for approximating arbitrary convergent characteristics. f(s)
can be realized by a linear combination of a set of basis functions. s is a phase variable
with s € [0,1] and is determined by the following canonical system

T§ = —as. (5.3)

T is a time-scaling parameter used to scale the length of the trajectory to be generated.
The process of learning a reference trajectory include: (1) Compute the velocity of the
reference trajectory for each time stamp. (2) Compute the phase parameter s of the i-th
point by

5;=e /Tt (5.4)

(3) Compute the target value fiarget(s;) for each point on the reference trajectory by plug-
ging the points and velocities into Equ. and Equ (4) Use linear regression to
estimate the parameters of f(s).

For learning the position of a reference TCP trajectory, three instances of a 1-D DMP
system are required to represent each dimension in a cartesian space. However, the orien-
tation of the reference TCP trajectory can not be directly represented by three 1-D DMP
system if we choose Euler angles to represent the orientation, as the Euler angles contain
singularity at 27. Instead, we use quaternion to represent the orientation so that a sin-
gle quaternion-based DMP system proposed in [105] can be used to learn the orientation
characteristics of the TCP reference trajectory.

Original Goal

Change time

(a) Reference trajectory  (b) Trajectory adaptation on (c) Overlap of reference tra-
new goal configuration jectory and adapted tra-
jectory.

Fig. 5.6: An example of trajectory adaptation using DMPs
Generate a new trajectory from a learned DMP system include following steps: (1)
Calculate the phase parameter s using Equ. for a given time stamp ¢. (2) Evaluate the

function approximator f(s) and compute © and 9. (3) Compute a new trajectory point

by numeric integration with

P (t 4 6t) = P (1) + 2P 5t (5.5)
v(t+0t) =v(t) + 0 - ot (5.6)
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where 0t is a very small time duration. We choose dt to be 1 ms to reach a sufficient
accuracy. To generate the whole trajectory, Step 1 to 4 is then repeated until g — z4™P
is under a threshold. At an arbitrary time stamp, if a new goal configuration of TCP
is available, we can plug it into Equ. to force the DMP system converge to the new
configuration. In this way, the grasp motion to be executed is adapted to new sensor
measurements. Fig. |5.6| explains the adaptation of cartesian trajectory on a new goal

configuration.

Adaptation of low-dimensional grasp trajectory Similar to adaptation of a cartesian
trajectory in the ‘grasp-motion’ phase, we also employ DMPs to generate trajectories for
the ‘force closure’ phase. An example force closure trajectory is shown in Fig. 5.7, The
force closure trajectory contains a closing movement of fingers and a lifting movement of
the gripper. In this way, the gripper realizes the same closing behavior of a parallel gripper
to ensure the desired contact region of the finger moves anti-parallel towards each other.

Wrist motion +

Fig. 5.7: A reference trajectory for learning coordinated force closure motion.

We realize the grasp trajectory with two DMP subsystems which are synchronized
using the same DMP phase parameter s. One DMP subsystem generates the desired lifting
trajectory while the other DMP subsystem generates a low-dimensional finger trajectory of
the gripper. In section [4.6.1 we propose a method for parameterizing a high DOF gripper
by using the ‘Eigengrasp’ concept. The method reduces the total DOF of a gripper to the
number of joint groups that we defined for that gripper. For the gripper we use in this work,
we need totally four one-dimensional DMPs to represent the closing trajectory, because
four joint groups are defined for the Schunk gripper. The entire joint movement of the
gripper is calculated according to Equ. by the module ‘Gripper posture generation.’

5.4.2 Arm platform redundancy resolution

In order to control motion in cartesian space, the Cartesian trajectory generated by DMPs
must be converted to the motion controls in joint space. For robots which have more
than six DOF, the joint redundancy can be exploited. We apply the idea of nullspace
optimization [97] to resolve the redundancy. Let x4 be the desired position and orientation
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of tool center point (TCP), and let g4 denote the desired joint positions. The desired joint
velocity gq can be expressed by

Ga=J"da+ (L—JJ)E, (5.7)

where JT represents the pseudo-inverse of Jacobian J that is defined by J* = JT (JJ -1
The term (I — J tJ ) projects an arbitrary vector ¢ onto the nullspace of Jacobian. In this
work, we exploit three criteria to resolve redundancy, which are generally applicable to any
kind of mobile manipulation robots. These criteria are self collision avoidance, joint limit

avoidance and singularity avoidance. We define each criterion as a unique cost function of
3
joint position E*(Q). By setting £ = —V(Y_ E®(Q)), nullspace velocity reduces the total
“ S = “

cost in the gradient direction.

Self collision avoidance This criterion ensures that a robot does not collide with itself.
The gradient of cost function for self collision avoidance is defined by

W dDy; ;

= apeor Pan 4@

(5.8)

where Dy; ;) denotes the distance between two links, which can potentially collide with

each other. We compute link distances by means of the approach proposed in [76]. The
dE

dD; 5

gradients of link distances with respect to joint positions are computed numerically.

denotes the gradient of cost with respect to a link distance.

Joint limit avoidance This criterion ensures that the limits of the joints will not be
overshot. Each joint of arm must work in a specified joint range. Overshooting of joint
limit can cause hardware defects. The gradient of joint limit avoidance is expressed by

dE® dE®17T

VE® — e 59
D=2 1o 59
The cost function of each joint E(Q);) is defined as follows
max SO:. 2
E(Z)(Qi) = Qy - [Qz - (Qz - Qz ft)} ) (5-10)

where o; is a parameter to scale cost function. Q*** denotes the maximum limit that joint

i can reach. Q3" is the range in which cost is activated.

Singular configuration avoidance This criterion ensures that no singular configurations
will occur during the whole grasping procedure. Near singular configuration small actua-
tor torques will lead to a large end-effector wrench. This could cause jerk movement and
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overshoot hardware limitation. An approach to avoid singular configurations is to maxi-

mize manipulability defined by M(Q) = 1/det(J - J"). Similar to the first cost function

(Equ. p.8)), the gradient of cost for singularity avoidance is given by

aE®)
dM Q"

VE®(Q) = (5.11)

5.4.3 Whole-body coordinated control

A mobile manipulator is composed of individual hardware components. Each one has its
interface for control. The purpose of this module is synchronization of devices for execut-
ing trajectories containing high DoF. The structure of whole body coordinated control is
depicted in Fig. [5.8 The input of ‘Whole body coordinated control’ is ‘Redundancy reso-
lution’, ‘Joint space motion planner’, and ‘Gripper posture generation’. One use case is to
control an arm and a platform simultaneously, we can use either the ‘Joint space motion
planner’ or the ‘Redundancy resolution’ to generate joint velocities. As we did in chap-
ter [3 for all collision-free motions, we use joint space motion planner to move the robot.
In this chapter, we concentrate in grasp-motion phase. Typically, the robot approaches a
pre-touch configuration of an object linearly, in this case, we use ‘Redundancy resolution’
to convert a linear Cartesian trajectory to joint velocities. Another use case is to control
an arm and a gripper simultaneously, we need ‘Gripper posture generation’ to convert a
low-dimensional gripper trajectory to the trajectory containing the entire joint positions
using Equ. [£.18] We can generate a Cartesian trajectory of a gripper and a posture trajec-
tory of each gripper joint to realize a coordinated grasping trajectory during force closure.
The coordinated grasping trajectory is specially designed for grasping from the top of a
flat object, so that during force closure phase a contact force is always maintained between
the fingers and a support surface.

The ‘Whole body coordinated control’ contains two layers. The first layer is command
allocation. The command allocation first splits the output of a high DoF trajectory and
then it assigns joint velocities of the trajectory to each component. The second layer
contains a set of low-level controllers. The low-level controllers convert the joint velocities
to the commands accepted by the devices. For example, in order to control a base platform,
the base controller must convert the joint velocities to linear and rotational velocities using
Equ. To control an arm, ‘arm controller’ must first integrate the velocities to positions
and then send the positions to the hardware. To control a gripper, a ‘Gripper controller’
is proposed to send the desired velocities to each joint and stop the joints if the pressure
measured by tactile sensors is higher than a pre-defined threshold.
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Fig. 5.8: Whole body control architecture

5.5 Use case: grasping cylindrical objects with unknown

dimension

In this section, we choose another class of grasping problems to demonstrate the proposed
system. How can a robot be able to conduct robust grasping, even the sensor used for
perception has large noise. In chapter we proposed a paradigm to deal with this
situation. The main idea of this paradigm is to integrate the sensor measurement online
and adapt control trajectories in an iterative fashion. The proposed system architecture
provides the foundation to realize the paradigm. In order to demonstrate the proposed
system architecture in this grasping scenario, we choose objects, the shape of which can
be approximated by a cylinder, as target objects. We also assume that the target objects
stand upright on a support plane. This assumption simulates the most stable orientation
of the cylindrical objects such as mugs, glasses and etc in the real world. Based on this
assumption, the grasp can be easily parameterized to satisfy a task constraint. For exam-
ple, if the robot is desired to perform a pouring task, the grasp configuration has to be
parameterized so that the robot approaches and grasps the object from the side. In the
following, we elaborate two necessary components to use the proposed system architecture,
the first is tracking of object state and the second is grasp synthesis for cylindrical objects.
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5.5.1 Measurement model for object state estimation

The shape of a cylindrical object can be represented by two parameters: radius and height.
Since objects are placed in upright positions in this grasping scenario, we define additional
two parameters to represent the position of the object. Since we require the robot to grasp
from the side of an object, the height of the gripper can be chosen at the half height of
the object. Thus, the height parameter is not the crucial parameter which affects grasp
success. In contrast, the radius and the position of an object are the critical parameters
which must be estimated accurately. Therefore, we only need to online estimate the radius
and the position in this grasping scenario. We propose to use an extended Kalman Filter
(EKF) for this task. The EKF is a method for state estimation. In order to use the EKF, a
system model and a measurement model must be provided. In our case, the system model
defines the distance covered by a gripper during a grasping process. The distance traveled
by the gripper can be obtained from the odometry and the joint positions of a robot’s arm.
The measurement model calculates desired measurements given the true state of a system.
In the following we elaborate how the measurement model is defined for the given grasping

scenario.

Fig. 5.9: A circular object measured by a sensor. p; and p, are the measurements used in
EKF for estimating the position and the radius of the object.

Without constraining the actual sensor we use for the grasping task, we assume the
input data of the sensor can be converted to a data type of a laser scan. A laser scan is
defined by a set of points in the polar coordinate system (d, 8), where d is an array which
gives a set of range measurements. f is also an array which has the same size as d. Each
0; in @ defines the bearing angle for the corresponding range measurement d;. If the real
sensor outputs a stream of point clouds, we can extract the 3D coordinate of the points
on the plane that we interested and then convert them to the polar coordinates. In order
to estimate the radius and the position of an object, we only need two critical points as
a measurement. These two points hit two tangential lines of a circular object as shown
in Fig. 5.9 We define these two points as the measurement to be used in an EKF. By
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considering the triangular relationship, the desired measurement can be formulated by

z
zee = | 7 (5.12)
[ =p2
d,
0
= 5.13
h (5.13)
[ Ve
atan2(ye, z.) + asin(—~—=)
24y
_ | 5.14
VETER o
_atan?(yc, T.) — asin(JgTﬁ)_

where (dy, 61) and (dg, 02) are the desired measurement in polar coordinate of point p; and

point pe. x, = (x¢, Y, 7c) denotes the position and the radius of the object in Cartesian

o

coordinate of the sensor.

5.5.2 Grasp synthesis for circular objects

We use the same grasp success model proposed in to evaluate the success probability
of a grasp. The object is represented by its radius and position € R2. A parallel gripper is
chosen to grasp the object. The gripper configuration G € R* contains the 2D positions of
the left finger and the right finger. In order to validate the conditional grasp success model,
we generate many random gripper configurations. For each configuration, we evaluate the
conditional grasp success probability. Fig. |5.10[(a) depicts 10 random gripper configura-
tions, the grasp success probability of which are higher than 90 %. Fig. [5.10(b) shows 10
negative examples, the conditional grasp success probability of which are lower than 10 %.

The goal of grasp synthesis is to find an optimal pre-touch configuration. The optimal
pre-touch configuration is found according to Equ. by searching the maximal marginal
grasp probability. Since the dimension of object state for a circular object is only three, we
can integrate the Equ. [5.15 numerically. The posterior of the object is obtained from the
EKF estimation. It is represented by a multi-variate Gaussian p(z,|Z) = N (i, 2) where u

is a mean and Y is a covariance matrix. We integrate over the £30 interval to approximate

the integral of Equ. by
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Fig. 5.10: (a) Ten random sampled good pre-touch configurations, where the grasp likelihood
larger than 0.9, (b) Ten random sampled bad pre-touch configurations, where the
grasp likelihood smaller than 0.1.

P(5|G. Z) = / P(S|z,,G) - plz,|Z)dz,
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Zo

7#14—01 p2+o2 p3+os3
~ / / / P(S]20,G) - N(s1, 5) dr g, dor,
B B B

1—01 2—02 3—03

where x1, x5, x3 represent the radius and the positions, p1, s, 13 are the means of positions

and the radius. o0y, 09,03 are the diagonal elements of the covariance matrix 3. In this

case, we use Subplex [I19] implemented in NLopt [60] to find the maximal probability

of P(5|G, 2). Fig. visualizes a synthetic posterior distribution with x = (0,0,0.01)
0.01 0.008 0

and X = | 0.008 0.01 0 |. The optimal pre-touch configuration for this posterior is

0 0 0.01
depicted in Fig. [5.11bl The marginal success probability of this object posterior by taking

the optimal pre-touch configuration is equal to 44.9%. The absolute mass of probability
depends on how the parameters are chosen for evaluating the conditional success grasp
probability. Since the parameters we choose for calculating the conditional success grasp
probability for this example is conservative, the success probability by taking the optimal
pre-touch configuration is not high. However, the pre-touch configurations computed using
our model are very close to the optimal in reality. From the figure we can see, that the
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(a) A synthetic object posterior p(z,|Z = (b) The optimal pre-touch configuration
N (11, %) where = (0.01,0,0) and X is computed for a circular object with the
a covariance matrix with o, = 0y = 0, = posterior shown to the left. The marginal
0.01, 04y =0.008 and 0,y = 0y =0 success probability is P(S) = 0.449.

Fig. 5.11: An optimal pre-touch configuration computed for a given multivariate Gaussian
posterior.

grasp is explicitly computed for the given object state uncertainty.

5.5.3 Experimental evaluation

To evaluate the proposed system architecture, we performed 900 individual grasping exper-
iments on a set of test objects. The experiments are conducted with a mobile manipulation
robot. The robot’s actuation system is composed of a 7 DOF KUKA LBR 4 and a 7 DOF
SCHUNK SDH2 gripper mounted on top of an omnidirectional mobile base. The primary
sensors of the robot are a head-mounted Kinect RGB-D camera and a hand-mounted laser
time-of-flight camera (Creative Senz3D). We use the head-mounted sensor to generate the
initial estimate of all objects in the scene and the hand-mounted camera for continuously
tracking the target object during the grasping process.

Experimental setup

The robot is initially placed at a distance of about 1.5m from the table carrying the objects
(see. Fig. . At this distance, the entire table-top is in the field of view of the robot’s
head camera. Our purposefully delicate test objects are rolls of paper of three different
radii. These test objects are very light and are easily tipped over in the case of inaccurate
grasp attempts.

We randomly select 4 test objects in each run of the experiment and place them upright
on the table. The robot grasps the objects one by one, lifts them to a height of 10 cm above
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table and then puts them back. A grasp is considered successful if the robot manages
to successfully put the test object back, so that it stands upright on the table. The
latter condition enforces that the object was accurately grasped and simulates a simple
manipulation operation. It follows our conviction that grasping only makes sense in a

manipulation context.
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Fig. 5.12: (a) The robot generates an initial estimate of the observed objects and their
configuration parameters with the head-mounted 3D camera. This initial estimate
is used to determine a pre-grasp configuration only. (b) The robot moves to the
pre-grasp configuration. (c) The robot approaches the object and uses the
hand-camera to continuously re-estimate object pose and radius. (d) Object is
lifted up after being successfully grasped.

Results

Fig. 5.13| shows the trajectory in the entire grasping process. From time 0—25s, the
robot is in the pre-grasp phase in which the robot approaches the pre-grasp configuration.
Approximately at time 25s, the pre-grasp configuration is reached and grasp motion phase
begins. From then on, the grasp phase control sends updated TCP goal configurations to
the Motion adaptation and switches from arm-platform motion to arm alone motion.

Fig. 5.14] compares the originally generated reference trajectory with the actual online
trajectory for a successful grasp. New TCP goals are indicated by blue circles. Two clusters
of blue circles indicate goal adaptations during the entire grasping process. Comparing
the distribution of blue circles, the first cluster of circles has a bigger deviation than the
second cluster, because the tracking uncertainty decreases with the distance between hand-
mounted 3d camera and the target object. Besides that, the motion control errors of the
mobile platform during the first phase also contribute to the deviation of the first cluster.
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Fig. 5.13: Blue line is the desired TCP goal configuration. Red line is the actual trajectory of
the TCP. At the 25s, the gripper reaches pre-grasp configuration. Grasp motion
phase begins at 25s. In this phase the robot reactively approaches pre-touch
configuration based on new sensor measurements.
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Fig. 5.14: lllustration of the trajectory of a successful grasp
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We compare our approach with two other traditional approaches. Since our approach
both considers uncertainty and grasp adaptation, we regard our approach as ‘closed-loop
uncertainty-aware’. Both other approaches execute grasping in a open-loop fashion. The
entire grasping trajectory is pre-computed at the pre-grasp configuration. One approach
uses the same uncertainty-aware method proposed to compute the pre-touch configura-
tion, while the other method compute the pre-touch configuration by sampling a random
approach direction. The experiment is repeated 100 times for each object with different
radius. In total, 900 grasp outcomes are recorded. Fig. shows the experimental re-
sults. Our closed-loop uncertainty-aware approach achieves an average success rate of over
90 % regardless of actual object size, while the success rate of other two approaches are
dependent on the size. For smaller objects (¢ = 2cm, ¢ = 4cm) they often missed the
objects or hit the objects while approaching the pre-touch configuration. Comparing both
open-loop approaches, explicitly considering the uncertainty also contributes to the overall
grasping success, because the uncertainty-aware approach generates the pre-touch config-
uration with higher marginal success probability. In summary, both closed-loop control
and uncertainty-awareness are key factors to achieve a robust grasping performance.

I opcn-loop random approach direction
[ Jopen-loop uncertainty—aware
I closed-loop uncertainty-aware

1 T . T

Grasp success rate

@=2cm o=4cm o=8cm

Fig. 5.15: Comparison of grasp success rate between methods. In total, 900 grasp trials were
performed to obtain the data.

5.6 Summary

In this chapter, we address the problem of how to make grasp execution more robust. For
this purpose, we propose an adaptive whole body control architecture specific tailored for
mobile manipulators. Our control architecture contains seven major modules which close

the entire loop from perception to control. We specifically focus on the reach-to-grasp
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(a) This figure shows a typical grasping fail-
ure using the open-loop uncertainty-aware
approach. The object is tipped over dur-
ing the force-closure phase because the
desired pre-touch configuration is not ac-
tually reached during the grasp motion
phase. Uncertain perception and execu-

(b) This figure shows another grasping fail-

ure when using the open-loop random
approach direction method. The grasp
fails, because the fingers were closed at
the wrong place. Randomly chosen ap-
proaching direction occasionally gener-
ates a longer trajectory which introduces

tion lead to this failure. uncertainty in actuation.

phase, in which the gripper of a robot moves from a ‘pre-grasp’ configuration towards the
final grasp configuration. Different from the traditional methods which execute grasps in
open loop, our method allows vision feedback to be continuously integrated. We exploit
dynamic movement primitives for online trajectory adaptation. In this way, the robot con-
tinuously reduces the uncertainty during the grasping process. It allows a robust execution
even the perceptual uncertainty could be large at the beginning of the process.

Another advantage of our architecture is the flexibility of coordinating different ac-
tuators to perform a certain motion. Our robot imitates how humans coordinate their
locomotion, torso, arm and hand to grasp objects. We exploit arm-platform coordination
and arm-gripper coordination for mobile manipulators. The arm-platform keeps the grip-
per in a ‘good’ configuration that the manipulability of the arm is maximized. In the case
of grasping objects from the top, the arm-gripper coordination can keep the fingers of a
gripper in contact with a support surface to increase the chance of success.

To transfer the proposed architecture to other robotic systems and tasks, the overall
architecture remains the same, but the corresponding modules must be configured and
adapted. For robots with a different kinematic of arm and mobile base, the module ‘Re-
dundancy resolution’ and * Whole-body coordinated control’ need to be reconfigured so
that the gripper of the robot maintains a good manipulability during the pre-grasp phase.
For robots with a high DOF gripper, the ‘eigen-grasp’ space of the gripper must be de-
fined. In addition, the ‘Gripper posture generation’ module must be adapted. For robots
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equipped with another type of sensor, the accuracy and the measurement model must be
specified for the ‘Object tracker’. For grasping other types of objects, the ‘Grasp synthesis’
module must be extended to handle other object type and perceptual uncertainty.

We evaluate the proposed architecture in a challenging grasp scenario. The object
that we choose for the experiment is difficult to grasp, because of its weight and place
orientation. The sensor we used to perform this task contains large noise which even
more increase the difficulty. We combine the uncertainty-aware grasp synthesis which we
proposed in the earlier chapter and demonstrate that considering uncertainty as well as
closed-loop grasp execution significantly increase the grasp success.
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6 Conclusion and Future Work

6.1 Concluding remarks

In this dissertation, an integrated and general system is developed to cover various aspects
in robotic grasping. The system allows a mobile manipulator to perform robust grasping
under different levels of prior knowledge, task requirements and sensing capabilities. In
order to bring various grasping relevant aspects under the same framework, a probabilistic
graphical model that based on the Bayesian network is proposed to formulate the grasping
problem. This model contains a set of grasping relevant variables and represent the joint
distribution of these variables. The advantage of using the proposed model is that it sim-
plifies the modeling of complex joint distribution over many variables by small conditional
probability distributions which are easy to design. Thus, the only difference between differ-
ent grasping scenarios exist in that some variables are observable according to a task and
prior knowledge. The goal of different grasping problems remains same: selecting the best
action to maximize the probability of success. The problem of three challenging grasping
scenarios are formulated using the model and explored in chapter 3,4 and 5 respectively.

In chapter 3, the problem of assembly is addressed. In this scenario, the robot is required
to grasp known objects in a task oriented manner so that the assembly can be conducted.
In this scenario, a skill framework is proposed to tackle the challenge of grasping under
task constraint. Within the skill framework, two high- level skills are proposed to handle
the complete sequence from the object perception, the reasoning of task oriented grasp to
the coordinating of actuators for grasp execution. The reusable high level skills provide
an intuitive way of parameterizing an assembly task. In addition, both intermediate base
positions and arm base coordinated motions are planned during the execution, which
contributes to the successful and efficient accomplishment of the task.

In chapter 4, we focus on the synthesis aspect of grasping. The robot is required to
perceive and generate a suitable grasp configuration for an object which is presented to
it for the first time. A new uncertainty-aware surface representation, as well as a sensor
fusion method tailored for the representation are proposed for the object perception. This
method allows fusing data from multiple sensors in real time. As a result, this reduces
the measurement uncertainty and provides a detailed model and efficient surface query
for grasp synthesis. To generate a feasible grasp configuration, an object representation
independent model is proposed to predict the likelihood of grasp success for a given a grasp
configuration. The final grasp is selected by a simulated annealing method which finds the

most promising and precision grasp contact points.
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6 Conclusion and Future Work

In chapter 5, the control aspect of grasping is studied. In this scenario, the robot
is required to grasp very light objects, however, the dimension of them are unknown.
In addition, the sensor provided in this scenario has a limited sensing capability and
produces very noisy data. An adaptive grasp control architecture is proposed to tackle
this challenging scenario. The control architecture allows a robot to flexibly switch the
combination of various actuators to mimic how a human performs grasping. In addition,
the perceptual result can be fed back to grasp synthesis so that grasp can be executed in
closed-loop.

In each scenario, a massive number of grasping experiments using real robot is per-
formed. The results are compared to state-of-the-art methods, which proves the effective-
ness of the proposed system.

6.2 Future directions

The work presented in this dissertation provide a solid contribution to bridging the gap
between human and robotic grasping. The ideas demonstrated so far also motivate several
future research directions:

Learning from grasp experience: As the computational power of processors increases
and the cost of building robots reduces, nowadays it is feasible to perform large scale real
world grasp experiments and train models with a large number of parameters. Therefore,
more work should be done to exploit this advantage so that a robot can learn both from

own experience and experience of other robots.

Exploit multi-modal information: in this work, we mainly use the depth information of
sensors to determine the state of an object. For grasping, color information and tactile
information are also important information source not only in predicting grasp success
but also can be used in grasp control. How to combine multi- modal sensory input in a

systematic way for a robust grasping control is an interesting research direction.

Handle environment constraints: A table-top environment is chosen for the grasping
scenarios presented in this work. Most objects can be retrieved by grasping directly.
However, for tasks like retrieving objects from narrow space, the current approach can
not handle this task. Humans usually exploit the environment as a help rather than
as obstacles. They use more sophisticated manipulation skills such as pushing, sliding to
reconfigure the object prior to grasping. This requires a well understanding of environment
dynamics and a compliant control mechanism. How to represent and retrieve the knowledge
and combine them into a compliant robot controller can be an interesting direction.
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